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OPERA-3d
Post-processor 2.612
17/Aug/99 23:15:23 Page 3
UNITS
Length          : cm            
Flux density    : gauss         
Magnetic field  : oersted       
Scalar potential: oersted-cm   
Vector potential: gauss-cm     
Conductivity    : S cm-1    
Current density : A cm-2    
Power           : W             
Force           : N             
Energy          : J             
Electric field  : V cm-1    
PROBLEM DATA
40ext.toscab
TOSCA analysis (nl)
Magnetostatics
Case No   1       
    43008 elements
   103961 nodes
Shape funct. fields
Nodal coil fields
LOCAL COORDS.
Xlocal = 0.0
Ylocal = 0.0
Zlocal = 0.0
Theta = 0.0
Phi = 0.0
Psi = 0.0
X
Y-10.0
Y-5.0
Y5.0
Y10.0
Z-15.0Z-10.0Z-5.0Z5.0Z10.0Z15.0
Si(Li)-Detektor
Mini-Orange
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Preamp.
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Level
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Strobe VME
Fission 
energy signal from monitor detector
3 energy signals from SiLi’s
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Stop
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Electronic-Setup
CFD:= Constant Fraction Discriminator
TFA:= Timing Filter Amplifier
Preamp.
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delay
generator
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2
a-band
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0 + 2 +
4 + 6 + 8 +
-
K
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0
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1110 -
9 %
-
K
π=
1
b-band
15 %
<
 10 ps
-
11-
98 -7 -6 -
4 -2 -
3 - 5 --
1
10 -
12 +
10 +
8 +
6 +4 +
20 + +
0.0
20.1
66.8
139.9
239.2
364.5
516.9
13 %
~
10 ps
K
π=
- - -- 5 63
4 -7
8 -9-
545   [0.7]
554.3(4) [Y]
598.0(5)   [0.8]  E0
655 [0.5]
240fPu
3.8 ns
gsb
561.0(2) [1.8(3)]  E0 < 0.15
570.3(4) [3.5(5)]  E0 0.2
538(1)   [1.5(2)-U]
538.6(2)   [U]
3
554.7
589.7
251.5(2)  [1.3]
216.5(5)  [0.7]
805.4(2)   [2.3(3)]
758.9(2)   [1.6(3)-X]
150 ps
825.6
882.8
920.7
966.5
1019
1078
806.2
β
-band+
K
π=
0
636 [0.5]
535.2(2)   [1.2(3)]
535.5(2)   [1.1(3)]
--
1
2 -
1344.5
1360.9
1386.6
1421.4
1465.7
1518.7
1580.5
1654.7
1733.0
1818.0
1910.0
2011.0
786.1(1)   [36.6(9)]  E1
554.7 [<1.5]
534.6 [0.2]
569.6 [>0.7] o - band
826.7(3)   [3.2(4)]
820.8(2)   [1.8(3)]
815.7(5)   [1.7(3)]
816(1)   [1.7(3)]
778.9(2)   [1.2(3)]
846(1)   [0.6(3)]
799(1)   [0.9(2)]
858.7(3)   [0.5(2)]
758.9(2)   [X ca. 1.0]
824.4(3)   [2.6(4)]
514.8(15) [0.8]  E0 (0.5)
543.6(12)  E0 (0.6)
581.8(12)  E0 (0.2)
529.0(12)  E0 (0.4)
556.5(12)  E0 (0.3)
520.4(14)  E0 (0.4)
595.1(18)  E0
628.3(13)  E0 
644.9(14)  E0 
525  [0.5]
508.4  [0.5]  E0 (0.5)
1232
1172
1104
1054.9
998.3
960.7
918.9
891.2
866.1
836.0
846.8
672.0  E0 (0.1)
1369 [0.15]
1341.3  [Z]
1393 [0.1]
1324.5  [0.24-W]
1319.9  [0.46]
1324.5  [W]
1341  [0.6-Z]
1355  [0.8]
1379.5  [0.14]
1454.0  [0.2]
1414.3  [0.2]
1494.0  [0.05]
-
7
-
8
-
96 -5 --
43 -2 -1 - <
 10 ps
739.8(3)   [0.3]
714.7(3)   [0.2]
~
0.3 ps, 1.7 %
10 +
986.8
1104
765.0(11)  E0  (0.49)  
758.2(11)  E0  (0.36)  
752.5(12)  E0  (0.20)   
739.6(14)  E0 (0.12) 
892.4
825.0
785.1
769.9
769.9(10)  E0  (0.33)  
747.6(13)  E0 (0.19) 
851.1
614.0(5) [0.5] E0 < 0.07
582.9(2)   [1.1(3)]  E0 < 0.08
554.8(2) [2.7(3)-1.5-Y]  E0 < 0.1
836(1)   [0.5(3)]
852.0(5)   [0.5(2)]
c-band
20 % -1
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1 -7 - 8 - -
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8 +6 +4 +
0 + +2
2 -
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-3-
1 7 -
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π=
-1
c-band:
23 %
-
10 -
11-
98 -
-1
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π
K
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1
6 %
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d-band:
-
11-
10-9
8 -7 -6 -
5 --4-3
2 -
-
K
π=
1
b-band
15 %
1344.5
1360.9
1386.6
1421.4
1465.7
1518.7
1580.1
1654.7
1733.0
1818.0
1910.0
2011.0
-
π
K
=
1
e-band:
~ 1%
240fPu
3.8 ns
gsb
0.0
139.9
239.2
364.5
516.9
20.1
66.8
945.4 [0.2-Z]
904.1 [Y]
969.1 [0.2]
922.3 [0.05]
1018.4 [0.2]
936.4 [0.2-X]
904.1 [0.15-Y]
991.2 [0.2]
944.9 [Z]
409.2  E0 (0.2)
409.7 E0 (0.2)
418.6 E0 (0.2)
826.7(3)   [3.2(4)]
820.8(2)   [1.8(3)]
815.7(3)   [1.7(3)]
815.7(3)   [1.7(3)]
778.9(2)   [1.2(3)]
836.2(4)   [0.5(3)]
846.1(3)   [0.6(3)]
799.2(3)   [0.9(2)]
858.7(3)   [0.5(2)]
758.9(2)   [X ca. 1.0]
824.4(3)   [2.6(4)]
852.3(3)   [0.5(2)]
514 [0.8]  E0 (0.5)
545.3  E0 (0.4)
581.9  E0 (0.4)
530.2  E0 (0.6)
558.3  E0 (0.5)
519.4  E0 (<0.8)
600.0  E0 (0.4)
628.8  E0 (0.4)
646.5  E0 (0.2)
525  [0.5]
508.4  [0.5]  E0 (0.5)
1232
1172
1104
1054.9
998.3
960.7
918.9
891.2
866.1
836.0
846.8
672.0  E0 (0.1)
420 E0 (1.0)
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414.2 E0 (0.8)
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-
7
-
8
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 2]
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1012.2
970.6
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LIII
a a
MIII
a a
LII LIII
a a5       4
- -
+ +
LII LIII II
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99.4 keV
73.0 keV+ +
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Szintillator-Lichtleiter-Einheit
SWPC
SWPC
MWPC
induzierte Ladungswolken auf den
Kathodenfolien
Teilchentrajektorie
MPL
Oben
Unten
MPR
Anode
Kathodenfolien mit
modularer Struktur
Multiplier-Signal Multiplier-Signal
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Lin. Fan  1
Lin. Fan  2
Lin. Fan  3
MPL
MPR
Fraction
Discriminator 
Constant   1
CFD        3
CFD        2
D: 10ns
Del: 10ns
Del: 10ns
2 * 40 m
Cable 
2 * 40 m
Delay Cable 
Delay
370 ns      1
Delay
370 ns      5
Delay
370 ns      3
Delay
370 ns      6
2 * 40 m
Cable 
TDC       5
Start
Gate
Gate
Gate
Start
Start
MP L+R
TDC       7
MP R
TDC       6
MP L
ADC     6
MP L
ADC     7
MP R
Linear
Amplifier
Linear
Amplifier
Linear
Amplifier
Linear
Amplifier
TFA 
TFA 
Lin. Fan  4 CFD      4
Del: 64ns
Delay
180ns
Max. width
100 nsec
OR
width: 350 ns
AND
Start TDC
ADC     0
Up
ADC     1
Down
Gate 
Generator
Gate 
Generator
Gate 
Generator
Fan In/Out
width: 100us width: 40 ns
NIM
TTL
Strobe
Gate ADC’s 
Master Trigger
Gate ADC
Fokalebenendetektor
MP
Yort350 ns
50 ns
Start TDC
NIM
TTL
NIM->TTL
Scaler
Scaler
NIM->TTL
Compl.
Dead time 
scaler
AIAC Busy O
TTL->NIM
MWPC
Oben
Unten
MWPC
td: 20
ti: 100
td: 20
ti: 100
500 * 0.7
0.5 us
500 * 0.7
0.5us
10 * Mitte
10 * Mitte
500 * 0.5
0.5us
500 * 0.5
0.5us
OR
Spaltfragmentzähler
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02.25(20)
= 5.8 MeV
0.77
= 5.45 MeV
3.02(20)
β-Bande
hωβ
(~1.6)(~3.85) 2hωβ
2.38(20)
4.434
4.526
4.625
3hωβ
~2.80(20)~5.05
E
E
E
A
II
B
(MeV)
E
(MeV)
4hωβ
Kπ=2−
0.806
Kπ=0−
0.555
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0.836
0.936
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Phononen:
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Innere Barriere
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Abstract
Conversion electrons from electromagnetic transitions preceding the fission of the 3.7 ns240fPu shape isomer have been
measured. The electron spectrum shows a broad structure of individually resolved lines with energies between 620 and 650 keV,
which are interpreted as the(Jβ→ Jg) E0 transitions from the decay of the lowestβ-vibrational band with a phonon energy of
770 keV feeding to the ground state band of240fPu. In a combined analysis of e− and high resolutionγ -ray spectroscopy data
previously established octupole bands could also be studied in more detail. 2001 Published by Elsevier Science B.V.
PACS:21.10.Re; 23.20.Nx; 27.90.+b
1. Introduction
Superdeformed (SD) prolate nuclei with an axis ra-
tio of about 2: 1 were first discovered as fission iso-
mers almost 40 years ago [1]. The interpretation of fis-
sion isomers as being the result of microscopic shell
corrections to the macroscopic liquid drop potential
leading to a second minimum in the nuclear poten-
* Corresponding author.
E-mail address:peter.thirolf@physik.uni-muenchen.de
(P.G. Thirolf).
tial energy surface is well established [2,3]. From the
previous studies of excited states in the first and sec-
ond minimum, including the transmission resonance
studies in240Pu [4], low-lying collective quadrupole
excitations are expected in the second minimum of
240Pu; in particular, the lowestβ-vibrational band is
anticipated between 600 and 800 keV from the trans-
mission resonance experiments [4]. However, no low-
lying collective quadrupole excitations but only oc-
tupole excitations were identified in a recent detailed
high resolutionγ -ray spectroscopic study of the sec-
ond minimum of240Pu by Pansegrau et al. [5,6]. On
0370-2693/01/$ – see front matter 2001 Published by Elsevier Science B.V.
PII: S0370-2693(00)01353-8
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Fig. 1. (a) Experimental setup. Only one of the three
Mini-Orange-spectrometers placed symmetrically around the
beam at an angle of 50◦ is shown. (b) Enlarged drawing of the
annular fission fragment detector setup.
the other hand, conversion electron measurements in
the second minimum of236,238U nuclei clearly iden-
tified theβ-vibrational bands with band heads at 686
keV and 648 keV, respectively [7]. We therefore de-
cided to complement theγ -ray spectroscopic informa-
tion on240fPu by a conversion electron measurement
covering the interesting energy range of 400–800 keV.
We used the same238U(α, 2n) reaction as Specht et
al. [8] in their pioneering conversion electron work,
which led to the identification of the rotational ground
state band of the fission isomer.
In this Letter we report on the identification of the
lowestβ-vibrational band in the second minimum of
240Pu and on E0 transitions between negative parity
states from SD rotational bands. The measured con-
version coefficients confirm the predominant popula-
tion of excited states with negative parities, which can
be explained by the filtering function of the inner and
outer barrier.
2. Experimental method
As illustrated in Fig. 1, conversion electrons preced-
ing the fission decay of the 3.7 ns isomer in240Pu
were measured with three Mini-Orange spectrome-
ters in coincidence with delayed fission. Excited states
in the second minimum of240Pu were populated by
the 238U(α,2n) reaction atEα = 25 MeV; the same
bombarding energy was used in theγ -ray measure-
ment [6]. Theα beams of≈ 350 e nA were pro-
vided by the Munich Tandem accelerator. For an ef-
ficient suppression of the dominant prompt fission
events a recoil shadow technique was employed. With
this aim in view, the small circular238U-target (30
µg/cm2 on a 10µg/cm2 C-backing, diameter 2.5
mm) was inserted into the 4 mm inner hole of an
annular Si detector (100µm thick, 450 mm2 active
area). Prompt fission took place at the target posi-
tion in the shadow of the sensitive area of the de-
tector. The240fPu isomers recoiled from the thin
target and decayed in flight in front of the annular
detector after a mean flight path of about 1.8 mm
(corresponding to the isomeric half-life of 3.7 ns).
Thus, only fragments from isomeric fission were de-
tected with an effective solid angle ofΩ = 0.14,
while prompt fission events were quantitatively sup-
pressed.
Mini-Orange spectrometers [9–11] combine the ex-
cellent energy and time resolution of a cooled Si(Li)
detector with the high efficiency and selectivity of a
magnetic Mini-Orange (MO) filter. The present data
were obtained from experiments with two sets of
Mini-Oranges adjusted for an optimized transmission
from 400–600 keV and 500–700 keV, respectively.
In the present setup the MO filter consisted of 6 (5)
wedge shaped permanent Nd2Fe14B magnets, which
transported and focused the electrons with a well de-
fined transmission curve, suppressing at the same time
the copious low energyδ electrons. Moreover,γ -rays
from the target were blocked by a 20 mm long cylin-
dric Pb absorber (radius 6 mm), positioned in the
center of the MO. The optimum transmission effi-
ciency of the MO filter was achieved with symmet-
ric object and image distances, a field strength of the
toroidal field of 90± 5 mT (for the 6-wedge MO)
and a minimum thickness of the magnets. A trans-
mission value of 2.3% at 626 keV was measured
with a single Si(Li) detector of 300 mm2 active area
(3mm thickness). The overall shape of the transmis-
sion curve for the three MO spectrometers was de-
termined with a90Sr β-ray continuum source. The
absolute energy calibration was performed with con-
version electron lines from137Cs and207Bi sources;
the energy resolution of the array was 3.1 keV at
320 keV.
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Fig. 2. (a)γ -ray spectrum in coincidence with delayed fission of240f Pu from [6]. The inserts show enlarged regions of transitions connecting
thec- anda-band and thea- and ground-state-band, respectively. (b) Conversion electron spectrum from the present work in coincidence with
delayed fission of240f Pu shifted by the electron binding energy ofEK = 121.8 keV. The summed transmission efficiency (weighed average
for the two sets of magnets) of the 3 MO spectrometers is represented by the solid line. (c) Enlarged parts of the electron spectrum with fitted
line spectra and transition assignments.
Typical count rates during the experiments were
0.15–0.20 Hz in the delayed fission detector, while
the count rate in the electron detectors was up to
30–40 kHz limiting the beam current. During an
effective beam time of 570 hours 3.4× 105 fragments
from isomeric fission of240fPu were recorded. 2641
coincidence events between delayed fission fragments
and electrons entered the further analysis.
3. Experimental results
The promptγ -ray spectrum from [6] and the elec-
tron spectrum shown in Fig. 2a and 2b, respectively,
were measured in coincidence with delayed fission of
240fPu. The same reaction and beam energy were used
in both experiments. Electron lines fromK-conversion
are lower in energy as compared to the correspond-
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ing γ -ray transitions by theK-binding energy of
121.8 keV. This shift is taken into account by the dis-
placement of Fig. 2b. The electron spectrum contains
a much smaller random background contribution com-
pared to theγ -ray spectrum because converted transi-
tions from fission fragments occur at a significantly
reduced rate and only electrons from the target area
are focused onto the Si(Li) detectors. For by far the
strongestγ -ray transition in240fPu at 786.1 keV a
conversion coefficient ofαk = (4.6± 1.7)× 10−3 is
obtained after averaging over the two sets of experi-
ments. A comparison with theoretical conversion coef-
ficients [12] shows that the experimental value agrees
well with the theoretical E1 conversion coefficient of
5.9× 10−3. This proves the E1 character of the 786.1
keV transition, a result that was already used in [6]
to deduce conclusively the spins and parities of a rota-
tional band built on top of a state at 806.2 keV (a-band
in the level scheme, Fig. 3), and to support its in-
terpretation as aKπ = 2− band. The high intensity
of the 786.1 keV transition was explained by the de-
cay from the band head of thea-band to the ground-
state-band assuming fast rotational in-band transitions
and slow inter-band decays due to the E1-hindrance of
1K = 2 transitions. Except for the 786 keV transition
(37%) all otherγ -ray transitions in240fPu have ab-
solute intensities of less than 5% with respect to the
isomer decay and thus only E0 transitions or transi-
tions with a multipolarity larger than 2 are expected
to result in detectable lines in the conversion electron
spectrum. However, transitions with high multipolar-
ity can be excluded; due to their longer lifetimes they
are strongly suppressed by the competing fission de-
cay. Thus the lines observed in Fig. 2b will be very
likely due to E0 transitions, i.e., new and complemen-
tary information is obtained from the conversion elec-
tron spectroscopy compared to theγ -ray spectroscopy.
The statistically most prominent feature in the
electron spectrum in Fig. 2b is a broad structure
between 620 and 650 keV, which is resolved into
six individual lines of comparable intensities and line
widths of about 4.0 keV. As theγ -ray spectrum
displays no significant transitions at the corresponding
energies, a conversion coefficient ofαK > 0.3 is
deduced for these e− lines, which is only compatible
with a dominating E0 multipolarity. We interpret this
structure as being due to the decay of a rotational
band built on top of the lowestβ-vibrational phonon.
The resulting level scheme of theβ-band is given in
Fig. 3, using the Doppler-corrected transition energies.
In comparison with the ground state rotational band
the level spacing in the excitedKπ = 0+ band is
increasing less with spinJ . The spin assignment of the
Jβ → Jg sequence is actually based on the intensity
pattern of the individual lines, which decreases in
a regular way (see Fig. 2c), similar to the intensity
distribution observed in the same reaction for the
ground state rotational band of the second minimum
of 240fPu [8] and to the lowestβ-vibrational bands
observed in the second minimum of the neighbouring
isotopes236,238U [7]. Moreover, similar sequences of
closely spaced but resolved E0 transitions fromKπ =
0+ bands have also been observed in the first minimum
of 234U and240Pu after (α,2n) reactions [13].
Potentialγ -ray transitions from theβ-band to the
ground-state-bandJ+β → (J −2)+g may be covered up
by otherwise assigned transitions. However, the dis-
cussion of the branching ratios between E0 transitions
and E2γ -ray transitions given below will show that
none of the E2γ transitions is expected to be visible
in theγ -ray spectrum. The resultingβ-phonon energy
h̄ωβ = (769.9± 1.0) keV falls within the expected
margins of 600–800 keV deduced from transmission
resonance measurements [4].
For the intensity carried by theβ-band we find a
situation as expected: the lower the energyh̄ωβ of
the firstβ-phonon the stronger the feeding. For238fU
with h̄ωβ = 645 keV a value of 4.3% relative to the
isomer decay and for236fU with h̄ωβ = 685 keV a
value of 2.4% has been observed [7] while for240fPu
with h̄ωβ = 770 keV we measured only 2.0%. The
small feeding intensity of theβ-band with respect to
the negative-parity sequences will be discussed in the
conclusions.
While a negative parity for thea- and b-band
was already established in Ref. [6], this property
could not be determined conclusively for thec-band
(levels reported in [6] are marked by thick lines in
the level scheme of Fig. 3). In the present Letter,
assuming a negative parity for thec-band,(Jc→ Ja)
and (Jc → Jb) E0 transitions can be expected. For
the transitions connecting thec-band andb-band
(Jc→ Jb) we nicely confirm this expectation up to
the spin 6̄h, thus proving the negative parity of
the c-band. After subtracting theLI -contribution of
the strong group of E0 lines around 411 keV the
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Fig. 3. Level scheme of240Pu in the second minimum. The accuracy of the Doppler-corrected transition energy is given in round parenthesis ( ),
the absoluteγ -ray intensity (in %) with respect to the isomeric fission decay in rectangular parenthesis [ ] and the dominant multipolarity
together with the absolute electron intensity (in %) in round parenthesis ( ). Transitions observed in the electron spectrum are marked by thick
arrows. Transitions with electron energies below 100 keV were detected in Ref. [8]. Levels with energies in parenthesis were introduced by a
smooth extrapolation of the moment of inertia. Intensity values containing the variables[U ], [X], [Y ] indicate transitions that appear twice in
the level scheme, with the variables denoting the distribution of the measured intensity between the two transitions.
1−c → 1−b transition is below the detection limit, while
the 2−c → 2−b line remains clearly visible. Note that
also in theγ -ray measurement [5,6] the indications
for the 1− level of thec-band were rather weak. Due
to the different moments of inertia of thec-band and
b-band these E0-transition energies are spread out
over a larger energy. Assuming a smooth variation
of the moments of inertia with spin we also can
identify candidates for the 7c→ 7b to 10c→ 10b E0
transitions.
On the other hand, the strong(Jc → Ja) E2/M1
transitions from thec-band to theKπ = 2− band at
806 keV show only an E0 admixture of at most 10%.
Strong evidence for candidates with a direct decay se-
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quence to the ground-state-bandJc → Jg andJc →
(J + 1)g could be identified in the high energy part
of theγ -ray spectrum [14] which are included in the
level scheme of Fig. 3. The newly placed transitions
between the four bands of Ref. [6] strongly support
the level scheme and the parity assignments. Although
the direct experimental evidence for the 1− bandhead
of the c-band (band head energy 1344.5 keV) is still
weak, the strong E0 transitions to theKπ = 1− b-band
favour theKπ = 1− assignment for thec-band. In
the conversion electron spectrum an additional bunch-
ing of strong E0 transitions (280.3 keV (1.7%); 289.7
keV (2.3%); 296.0 keV (1.0%)) corresponding to nu-
clear transition energies around 411 keV is observed.
They connect bands with rather similar moments of
inertia. Due to their rather large intensities they can-
not feed into theβ-band or the proposed 0− octupole
band. A direct feeding into the ground-state-band is
excluded from our knowledge of collective excitations
obtained in transmission resonance measurements.
Therefore, these E0 transitions most probably lead into
one of the negative-parity bands (a-, b- or c-band).
Similar to the other negative-parity bands this new
band is expected to decay also by E1 transitions to the
ground state band. The E0 transitions with transition
energies around 411 keV can be arranged in the level
scheme by introducing additionalKπ = 1− bands
with band head energies of 1246 keV and 936 keV
[14]. The E0 transitions between the new bands and
theb-band or between thec-band and the new bands
would be in the region of 411 keV. Band heads are
expected at these energies from former measurements
with NaI detectors [5,6]. Their expected interband
transitions to the ground-state-band can be tentatively
identified as weakγ -lines in the high energy part of
the high resolutionγ -ray spectrum [5,14]. Since these
two bands are rather tentative they were not included
in Fig. 3. In the second minimum of236,238U simi-
lar lower-lying E0 transitions with transition energies
around 400 keV have been observed as well [7]. Al-
though the electron detection efficiency is continu-
ously decreasing below 400 keV, we are confident that
no prominent structures appear in the energy range
down to∼ 100 keV. Thus the present Letter spans an
energy range down to the highest energies studied in
Ref. [8]. Within the accuracy of the calibration the
conversion electron spectrum of Fig. 2b shows similar
structures like the spectrum of Ref. [8] above 90 keV.
In the level scheme of Fig. 3 we added the 10+ level
at 364.5 keV to the ground state rotational band by
extrapolation of the moment of inertia known from the
lower members of the band. From the spin population
of theβ-band we still expect a sizable intensity for the
10+ level when compared to the 8+ level. However,
for the 10+→ 8+ transitionK-conversion is possible.
Therefore, most of the intensity occurs at very low
electron energies and the intensity of theL lines is
reduced by about a factor of 3 below the detection limit
of Ref. [8] and could consequently not be observed
in their measurement. Above 97 keVK conversion
lines with accompanying weakerL lines determine
the pattern of the electron spectrum. With the known
level spacings of thea-band and the high intensity
of this band, it is intriguing to identify the expected
L- andM-lines of the(5− → 4−), (5− → 3−) and
(4− → 2−) transitions of the(Kπ = 2−) rotational
band to corresponding structures in the spectrum of
Ref. [8]. Their energies and intensities are included in
the level scheme of Fig. 3. It seems worthwhile to re-
investigate this low-energy region with the improved
modern experimental techniques.
4. Discussion and conclusions
For 240fPu a clear separation between rotational
and vibrational excitations is observed. Let us first
discuss the rotational excitations: The dynamical mo-
ments of inertiaΘ2(J ) = (E(J ) − E(J − 1))/(2J )
andΘ2(J ) = (E(J ) − E(J − 2))/(4J − 2), respec-
tively, extracted from the known rotational bands in
240fPu are shown in Fig. 4. The similarity of the mo-
ment of inertia of thea-band to that of the ground-
state-band in240fPu indicates that these bands are
based on superdeformed configurations with very sim-
ilar deformations. The smaller moment of inertia for
thec-band compared to the ground state band suggests
a deformation between that of the normal deformed
and superdeformed minimum. For theβ vibration an
increase of the moment of inertia of about 10–20%
above the ground state value can be deduced. For the
lowest spins theβ-band has a moment of inertia close
to the rigid body moment of inertia (Θrig/h̄2 ≈ 200
MeV−1 [3]), but it approaches the value of the ground
state rotational band at higher spins. TheKπ = 1−
band with a band head energy of 836.0 keV (b-band),
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Fig. 4. Dynamic moments of inertiaΘ2 as a function of spinJ for the collective bands observed in
240f Pu.
shows a rather constant moment of inertia of the same
size as those of the ground state,a- andβ-band when
considering the even and odd spin members separately.
However, deducing the moment of inertia for subse-
quent spins leads to a strongly alternating behaviour
of Θ2 with spin J . Such a staggering has been ob-
served also forKπ = 1− bands in the first minimum
of actinides and can be explained by a signature split-
ting caused by the Coriolis interaction between the two
±K components of the intrinsic wave function.
The admixture of differentK components in the
intrinsic wave functions of strongly deformed nuclei
is of general interest. Since we expect steeply down-
sloping Nilsson orbitals with highj quantum numbers
and lowK values as a function of deformation, strong
Coriolis matrix elements at the Fermi surface of the
second minimum leading toK-mixing are expected,
even for low spin levels of even–even nuclei. While
we find good agreement with the Alaga predictions
of the branching ratios for theKπ = 2− band, i.e.,
pure ground state anda-bands, we observed too small
branching ratios between spin-decreasing transitions
J → (J −1) and spin-increasing transitions for the E1
transitions between theb-band and the ground-state-
band. A small admixture ofKπ = 0− components to
theKπ = 1− bands may cause a drastic increase in
the branching ratios between spin-increasing and spin-
decreasing transitions, because usually the1K = 0
transitions are faster than the1K = 1 transitions [15].
Therefore, the variations of the moments of inertia and
the branching ratios provide evidence forK-mixing of
theKπ = 1− wave functions of the second minimum.
In the present work thisK-mixing obviously manifests
itself in the decay of thec-band, where the sequence
of E0 transitions between theKπ = 1− c- and b-
bands can be interpreted as aβ vibration built on the
Kπ = 1− state at 836.0 keV, while at the same time the
weakness of the E0 admixture in the(Jc→ Ja) E2/M1
transitions from thec-band to theKπ = 2− band at
806 keV favours the interpretation of these transitions
as aγ vibration built on theKπ = 2− band.
Next we discuss collective vibrations, especially the
β vibrations. Besides the firstβ-vibrational phonon
at 769.9 keV in240fPu identified in the present Let-
ter multipleβ-phonons were observed as 0+ transmis-
sion resonances at excitation energies of 4.5 MeV, 5.1
MeV and 5.5 MeV [4,16]. Considering the excitation
energy of the ground state of the second minimum of
(2.3± 0.2) MeV [2,16] these resonances correspond
to the excitation of 3, 4 and 5β-vibrational phonons.
The equivalent picture holds for the second minimum
of 236U: here the energy of the lowestβ-vibrational
phonon of 686 keV was also determined by electron
spectroscopy [7] and theKπ = 0+ transmission res-
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onances were observed at 4.2 MeV, 5.2 MeV and 5.8
MeV corresponding to an averageβ-phonon energy
of h̄ωβ ≈ 700 keV [4]. Taking into account the excita-
tion energy of the second minimum in236U of 2.814
MeV [17] these resonances can be assigned to the ex-
citation of 2, 3 and 4β-phonons. Thus it seems that
the slightly anharmonic higherβ-vibrational excita-
tion can be identified rather clearly in the second well
of the actinide nuclei, while in general the character
of the low lyingKπ = 0+ bands of deformed nuclei
in the first minimum is rather questionable and mix-
tures ofβ-bands with doubleγ -bands [20,21], double
octupole bands, 2-quasi-particle-states or pairing vi-
brations occur [18]. Closely spaced 0+ bands in the
first minimum of actinides point to a complex situa-
tion [13], while in the second minimum the strong E0
transitions indicate a pronounced collectiveβ vibra-
tion with axial symmetry [18,22].
The E0 transitions of theβ-band decay in the sec-
ond minimum are probably the fastest E0 transitions
observed until now. Since theJβ→ Jg transitions suc-
cessfully compete with the rotational in-band transi-
tions Jβ → Jβ − 2 even at high spins, their partial
E0 lifetimes have to be significantly faster than the
typical rotational lifetime of about 10 ps, which leads
to an estimate of the E0 transition strengthρ2(E0) =
|〈0β |∑i eir2i | 0g〉/(eR2)|2 of > 40× 10−3, assum-
ing τ (E0) 6 10 ps. Since a typical single particle
strength ofρ2(E0) for A = 240 is about 12× 10−3
[18], these E0 transitions are thus enhanced collective
monopole transitions. These arguments are applicable
for all three nuclei236,238U and240Pu, where strong
E0 transitions are observed in the second minimum.
In the vibrating deformed rotor model the E0 transition
strengthρ2(E0) is proportional toE(2+1 )/h̄ωβ andβ40,
whereβ0 describes the deformed equilibrium shape
[18]. Applying this relation the common enhancement
of ρ2(E0) in the second minimum is readily explained
andρ2(E0) values of about 2000×10−3 are predicted.
In the vibrating deformed rotor model the moment of
inertia is proportional to the mass parameterB and to
β20, which seems to be approximately fulfilled when
comparing the corresponding values in the first and
second minimum.
In order to estimate the E2 transition strength be-
tween theβ- and ground-state-band we use the har-
monic quadrupole vibrator model, where the vibra-
tional energy is given bȳhω = h̄(C/B)1/2 and the E2
transition strength byB(E2,0+g → 2+β )∝ (C×B)−1/2
with C denoting the stiffness of the potential. For the
mass parameterB, besides an oscillatory behaviour,
a general decrease is expected with increasing defor-
mation and in particular for240fPu a decrease by a
factor of 1.7 is calculated going from the first to the
second minimum [19]. From a comparison of the vi-
brational energies in the first and the second mini-
mum of240fPu,h̄ω = 1089 keV [13] and̄hω= 769.9
keV, respectively, together with the theoretical reduc-
tion of the mass parameter we conclude that the stiff-
ness parameterC is about a factor of 3.4 smaller in the
second minimum, which leads to an increase of the
B(E2, 0+g → 2+β ) value by a factor of 2.4. For236,238U
the correspondingβ-vibrational 0+ states in the first
minimum with strong E0 transitions are located at
919.2 keV and 996.7 keV, respectively, leading to es-
timates of similarly enhancedB(E2,0+g → 2+β ) val-
ues in the second minimum. Therefore, the vibrational
quadrupole transitions between theβ- and the ground-
state-bands in the second minimum are more enhanced
than in the first minimum. In the first minimum of
the actinides the measuredB(E2, 0+g → 2+β ) values
amount to about 1.2 single-particle units, which leads
to in contrast 3 single-particle units for the correspond-
ing values in the second minimum. Using this value
the partial life time for E2γ -ray transitions from the
β-band to the ground-state-band is estimated to be
3 ps, which is a factor of 10 longer than the partial life-
time estimated for the E0 transitions. Therefore, the
expected absoluteγ -ray transition intensities for the
β-band to the ground-state-band in240Pu are below
the detection limit of 0.1%.
The predominant observation of decays of negative-
parity states (98%) within the second minimum can
be explained by the fact that for the positive-parity
states in the energy region around the two and three
β-phonon excitations the decay out of the second
minimum by fission and back-decay into the first
minimum is favoured, as also observed when study-
ing transmission resonances in239Pu(d, p)240Pu [16].
Thus, only negative-parity states will decay predomi-
nantly viaγ -ray decay within the second minimum in
the energy range where the dominant population of the
second well via the (α, 2n) reaction occurs. This de-
cay will occur either by an E1 transition directly to the
ground state band or by a cascade of collective E2–
E0 transitions to lower negative-parity bands. Within
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the second minimum theβ vibrations are more collec-
tive compared to the first minimum. Due to its sensi-
tivity to enhanced(1J = 0) E0 transitions conversion
electron spectroscopy is especially well suited to se-
lect theseβ-vibrational components. Thus, even the
E0 transitions on top of the negative-parity octupole
band heads may be interpreted as showing contribu-
tions from a first quadrupole phonon. The analysis of
these more collectiveβ vibrations may be very use-
ful to understand the ambiguous character of low-lying
0+ bands in deformed nuclei.
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Abstract
The intermediate structure of fission resonances of240Pu was observed with an experimental energy resolution of 7 keV
in the excitation energy region ofE∗ = 3.8–5.6 MeV using the239Pu(d, pf)240Pu reaction. Two-vibrational resonance groups
centered atE∗ = 4.6 MeV and 5.1 MeV, and attributed to the excitation of three and fourβ-phonons, were resolved into
individual substates, which could be assigned to the low-spin members ofKπ = 0+ superdeformed (SD) rotational bands. In
the region of the lowerE∗ = 4.6 MeV resonance individual moments of inertia of six well separated bands could be extracted
for the first time with values ofΘ/h̄2 around 157 MeV−1, close to that of the ground state band in the second well. From the
level density of theseKπ = 0+ band heads the excitation energy of the SD ground state was determined to (2.25± 0.20) MeV,
in agreement with earlier estimates from excitation functions. 2001 Elsevier Science B.V. All rights reserved.
PACS:21.10.Re; 24.30.Gd; 25.85.Ge; 27.90.+b
1. Introduction
After the discovery of fission isomerism in the ac-
tinide region, great efforts were directed towards the
spectroscopic studies of excited states in superde-
formed (SD) nuclei [1–3]. The appearance of such
elongated shapes with an axis ratio of 2: 1 in the
actinides is the consequence of a second minimum
in the shell-corrected potential energy surface. Low-
lying SD excitations were mostly observed in conver-
sion electron experiments, which resulted in the suc-
cessful identification of rotational bands upon the fis-
sion isomeric ground states [4,5]. Only recently, in the
second minimum of240Pu, which is investigated here
at higher excitation energies, a more complete pic-
ture of low-lying quadrupole and octupole vibrations
was obtained by a detailedγ - and conversion electron
spectroscopy [6,7]. In contrast to the first minimum,
multiphononβ-vibrations at higher excitation energies
can be investigated in the second minimum as trans-
mission resonances in the prompt fission probability,
since theβ-vibrations manifest themselves as doorway
states to fission. A few members of the vibrational se-
ries were systematically observed in actinide isotopes
just below the fission barrier [3]. Due to the damping
of the vibrational motion their large fission width is
0370-2693/01/$ – see front matter 2001 Elsevier Science B.V. All rights reserved.
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distributed over many compound states in their vicin-
ity. While the fine structure due to compound levels
in the first minimum (class I states) is not resolved
in the present experiment we do resolve, besides the
gross structure of theβ-vibrational transmission res-
onances, the intermediate structure due to SD class II
compound states due to their lower level density. High
energy resolution studies of fission resonances can
therefore give spectroscopic information on SD com-
pound states with specific spinJπ and spin projec-
tionK at excitation energies below the fission barrier.
The more one reaches with efficient detector systems
into the subbarrier regions of vibrational damping, the
better one should be able to observe isolated levels
with small widths in the fission channel. The over-
all structure of the transmission resonances observed
in 240Pu at an excitation energy with respect to the
ground state in the first minimumE∗ = 5.1 MeV [8–
10,13] and atE∗ = 4.6 MeV [15–18] was repeatedly
interpreted as one of the best examples for damped vi-
brational resonances. In the experiment of Ref. [10] on
240Pu theE∗ = 5.1 MeV resonance group was investi-
gated with a high energy resolution of 3 keV, and with
the aid of a detailed model description [10] all exper-
imentally resolved class II states being predominantly
populated in the (d, p)-reaction could be identified as
(Kπ,J )= (0+,2) states, while the 0+ states were not
resolved due to their broad fission width. Until now,
the lowerE∗ = 4.6 MeV resonance group was stud-
ied only with modest resolution [15,18]. Extending the
model description to this group we expect narrow fis-
sion widths for all spin values of SD class II states and
a reduced level density. In the present work we there-
fore reinvestigated theE∗ = 4.6 MeV vibrational res-
onance with good statistics and high energy resolution
and identified for the first time individualKπ = 0+
SD rotational band members with spin and parity of
Jπ = 0+,2+,4+ in this energy region.
2. Experimental method
The experiment was carried out at the Munich Ac-
celerator Laboratory employing the239Pu(d, pf)240Pu
reaction (QGS = 4.309 MeV) with a deuteron beam
of Ed = 12.5 MeV, and using an enriched (99.9%)≈
30 µg/cm2 thick target of239Pu2O3 on a 30µg/cm2
thick carbon backing. Protons were measured in coin-
cidence with the fission fragments. The excitation en-
ergyE∗ of the240Pu compound nucleus could directly
be deduced from the kinetic energy of the protons,
which were analyzed by a Q3D magnetic spectro-
graph [19] set atΘLab = 130◦ relative to the incoming
beam (Ω = 10 msr). The position in the focal plane
was measured by a light-ion focal-plane detector of
1.6 m active length using two single-wire proportional
counters surrounded by etched cathode foils [20]. Fis-
sion fragments were detected in two position-sensitive
avalanche detectors (PSAD) [21] having two wire
planes (with delay-line read-out) corresponding to
horizontal and vertical directions. Thus the spatial po-
sitions of the fragments and their angular correlation
with respect to the recoil axis could be determined.
The fission detectors covered the range ofφ = 0◦–
100◦ relative to the recoil axis with a solid angle cov-
erage of 24% of 4π (without double-counting of fis-
sion fragments). The time resolution between the pro-
ton detector and the fission detectors was measured
to be 4 ns FWHM after correcting for the time-of-
flight in the spectrograph. The energy calibration was
taken from the208Pb(d, p) reaction (QGS = 1.710±
0.015 MeV [22]). The experimental energy resolution
was measured to be≈ 7 keV for the calibration lines
lying in the focal plane close to the investigated re-
gion in 240Pu. Data were collected during effectively
108 hours with an average beam current of 400 nA,
causing a count rate of 20 kHz in the fission detec-
tors, while the focal plane detectors typically operated
at 90 Hz.
3. Experimental results and discussion
The measured proton energy spectrum from the
(d, p) reaction in coincidence with the fission frag-
ments is shown in Fig. 1a in terms of the excitation
energy of the compound nucleus240Pu. Contributions
from random coincidences were subtracted. The spec-
trum is proportional to the product of the fission prob-
ability and the known smoothly varying (d, p) cross
section, which shows no fine structure [8]. In Fig. 1b
we compare our measurement with previous high reso-
lution measurements of the same reaction: The (d, pf)-
spectrum of Fig. 1b was measured with a resolution
of 17 keV by Specht et al. [8]. It is nicely reproduced
in all fine structures after folding our spectrum with
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Fig. 1. (a) Proton coincidence spectrum of the239Pu(d, pf) reaction measured in this work. (b) Proton coincidence spectrum atEd = 12.5 MeV
andΘ = 140◦ from Specht et al. [8]. For comparison also spectra folded with a resolution of 17 keV from this work (solid line) and from
Glässel et al. [10] (dashed line) are shown.
the reduced resolution and applying a global shift of
120 keV to higher energies on the experimental data
of Ref. [8] to account partially for the proper Q-value.
When folding the more recent measurement by Gläs-
sel et al. [10], which was performed atEd = 12.5 MeV
and Θ = 125◦ with an experimental resolution of
3 keV, only a small overall shift of 12 keV was nec-
essary. In this experiment the protons were detected in
the Q3D using a multi-wire proportional chamber with
digital single wire readout. Severe losses of efficiency
of up to 50% become apparent in Fig. 1b for the mea-
surement of Ref. [10] in the lower half of the 5.1 MeV
resonance.
3.1. Excited rotational and vibrational bands in the
second well
Looking at the overall features of Fig. 1a we find
for the two transmission resonances at 4.6 MeV and
5.1 MeV the known gross structures with a damping
width of about 200 keV.
The resolved intermediate structure of the lower
resonance shows a regular pattern of well-resolved
triplets, with a weaker lower and upper peak which
are separated by 19 and 43 keV, respectively, from the
stronger central peak. These separations are very close
to the 0+–2+ and 2+–4+ separation energies (20 keV,
46.6 keV) of theKπ = 0+ ground state rotational
band in the second minimum [4], strongly suggesting
these structures as being due to excitedKπ = 0+
rotational bands in the SD minimum of240Pu. Thus,
for the lower resonance at 4.6 MeV, we observe in the
intermediate structure for the first time series of “pure”
resonance states withKπ = 0+ and a spins 0+,2+,4+
with rotational energy spacings as known from the
ground state band in the second minimum [4,9]. This
is in contrast to the excitation energy region above
∼ 5 MeV, where we confirm the bunching of peaks
‘without any systematic trend’ [9] observed earlier [8,
10].
The 5.1 MeV resonance region in the spectrum of
Glässel et al. [10], where sufficient overlap with our
spectrum could be observed, was fitted withKπ = 0+
rotational bands assuming a Lorentzian line shape for
the band members. The position and the amplitude
of each band were treated as individual parameters,
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Fig. 2. (a) Proton spectrum of the reaction239Pu(d, pf) measured with 7 keV resolution (present work). Also shown is a fit of the data with
rotationalKπ = 0+ bands. The 0+,2+,4+ picket fences show the rotational bands used in the fit. In the upper part of the 5.1 MeV resonance
the fit (thin line), is based on the fitted positions of the rotational bands from Fig. 2d. (b), (c) The full dots represent thea2 (a4) – fission angular
distribution coefficients determined in this measurement, while the open symbols are the2 (a4) coefficients taken from Glässel et al. [10]. The
thick full line results from the fit to spectrum (a). The thin lines correspond to theoreticala2 (a4) coefficients for different spin valuesj of the
transferred neutron. (d) Proton spectrum of the reaction239Pu(d, pf) from Glässel et al. [10] measured at 3 keV resolution together with a fit of
the spectrum using rotational bands as indicated.
and a common rotational parameter was used. For
the intensity ratio of the band members the value of
Ref. [10] was accepted as starting value for the fit
procedure. The fit nicely reproduced the experimental
data with 13-rotational bands (see Fig. 2d), whose
band-head positions, as fixed parameters, were also
used to describe the same structure in the present
work. Satisfactory description of the experimental data
was achieved again by fitting the line width and the
relative amplitudes of the bands, as it is shown in
Fig. 2a with a grey curve. The 4.6 MeV group and
the lower part of the 5.1 MeV group obtained in
the present experiment was also fitted by the same
procedure, however, the rotational parametersh̄2/2Θ
and theI2+/I0+ andI4+/I0+ intensity ratios could be
separately determined for the bands with prominent
band heads atE∗ = 4434,4526,4625,4685,4703 and
4733 keV.
In order to prove the spin andK-assignments of the
observed compound levels in the second minimum we
analyzed the corresponding fission fragment angular
correlations with respect to the recoil axis, describ-
ing them in the usual way with coefficientsa2 anda4
of Legendre polynomials. In Fig. 2 the measured pro-
ton coincidence spectrum (Fig. 2a) is shown together
with the coefficientsa2 (Fig. 2b) anda4 (Fig. 2c). For
comparison also the spectrum of Glässel et al. [10] is
shown in Fig. 2d together with theira2 anda4 coeffi-
cients marked by open circles in Fig. 2b and Fig. 2c.
The horizontal lines in Fig. 2b and Fig. 2c show the
theoreticala2 anda4 coefficients for different values
of the angular momentumj of the neutron transferred
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in the (d, p) reaction, leading to240Pu states with
K = 0 andJ = |1/2± j |. Due to the low ground state
spin (Jπi = 1/2+) of 239Pu, in240Pu only low total an-
gular momentaJ are populated. 0+ states can easily
be identified in the fission fragment angular correla-
tions through their isotropic emission characteristics.
The large and positivea2 anda4 coefficients point to
a dominantK = 0 character of both resonances. From
240Pu(γ , f) data [25] a “suppression of theKπ = 0−
channel by more than two orders of magnitude relative
to theKπ = 0+ channel” was deduced [10]. For the
lower 4.6 MeV resonance aKπ = 0− contribution was
discussed as well, however, as will be described be-
low, a reasonable description of the fission probability
could be achieved assuming aKπ = 0+ channel [16–
18]. Thus it seems that a complete spectroscopy of
Kπ = 0+ bands is possible in the regions of vibra-
tional damping. In order to check this completeness
and the consistency of the observed level density with
the excitation energy in the second minimum, a sta-
tistical analysis of the level distances was performed
using the band head energies. The statistical distribu-
tion of the ratio of experimental and calculated aver-
age level distances, using the back-shifted Fermi-gas
formula [28], was generated. The shape of the result-
ing distribution was successfully approximated by a
Wigner-type distribution, as it is expected for repelling
states with the same angular momentum and parity.
A similar analysis was performed in Ref. [10] and
Ref. [12]. Theχ2-value of the level density was mini-
mized by varying the back-shift term of the Fermi-gas
formula around the expected ground state energy of
the second minimum. The best fit was obtained for an
energy ofEII = 2.25± 0.20 MeV (statistical uncer-
tainty), which is in good agreement with the fission
isomer energy obtained from the well-known method
of extrapolated excitation functions of various experi-
ments (see Ref. [2]).
Next we discuss the spectroscopic results for the vi-
brational and rotational bands. An important aspect of
the collectivity are multi-phonon states in the second
minimum (Fig. 3). In the conversion electron mea-
surements of Ref. [6] the phonon energy of the first
β-vibrational excitation was determined ash̄ωβ =
769.9 keV. With respect to the excitation energy of
the SD ground state (EII = 2.25± 0.20 MeV), deter-
mined by the statistical analysis of the level distances,
the vibrational resonances centered around 4.6 and
5.1 MeV can be attributed to three and fourβ-phonon
excitations, respectively. In Fig. 4 all presently known
vibrational band heads in the second minimum of
240Pu are shown. A reduced energy difference between
the vibrational states of 0.5–0.6 MeV is expected at
higher energies, because the potential well opens up at
the top of the barrier. The observation of subsequent
β-vibrations in transmission resonances can provide a
unique possibility to study slightly anharmonic vibra-
tional series at large nuclear deformations in a more
convenient way than in the first minimum, where the
high level density cause a complete damping of the
β-vibrations. Individual dynamical moments of iner-
tia, which reflect both the nuclear deformation and col-
lective structures of the excitations, could be extracted
for the first time in the high excitation energy region
of the 4.6 MeV resonance group for the three well
separatedK = 0+ bands with band head energies of
E∗ = 4434,4526 and 4625 keV. For the other rota-
tional bands of this resonance group, as for the energy
region aboveE∗ ∼ 5 MeV only an average moment of
inertia could be determined, respectively. The result-
ing moments of inertia are shown in Fig. 4 together
with those for the SD ground state rotational band [9]
and the low-lying collective excitations in the second
minimum that were observed in recentγ -ray spec-
troscopy [6] and conversion electron experiments [7],
respectively.
The moments of inertia of the SD ground state
band and the higher phonon bands show a surpris-
ing agreement, while larger variations arise for the
low-lying excited SD bands. The moments of inertia
of the SD ground state band can be reproduced by
recent cranking model calculations yieldingΘ/h̄2 =
155 MeV−1 [29]. One might have expected that the
moments of inertia for the bands built on the third
and fourthβ-vibrational phonon might be closer to
the rigid body moment of inertia because of the re-
duced pairing at higher excitation energies. However,
this is not observed experimentally. Perhaps the selec-
tion of bands with strongβ-vibrational components
results in weaker non-collective contributions. While
in the first minimumKπ = 0+ vibrations show strong
admixtures of pairing vibrations we expect much less
admixtures in the second minimum as a significantly
larger collectivity ofβ-vibrations in the second min-
imum was observed [7]. Therefore pairing vibrations
and blocking could be reduced, which might explain
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Fig. 3. Vibrational excitations in the second minimum of240Pu. The low-lying collective band heads have been observed in Refs. [6] and [7].
Fig. 4. Moments of inertia of rotational bands in the second minimum of240Pu as a function of the excitation energyEII with respect to the
ground state in the second minimum. Subscripts ‘e’ and ‘o’ denote moments of inertia that have been extracted for the even- and odd-spin
members of the respective rotational band.
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Table 1
Spin dependent properties of the twoβ-vibrational fission resonances in240Pu aroundE∗ = 4.6 MeV and 5.1 MeV, respectively.αf (Jπ )
(αc(Jπ )) is the normalized relative fission (compound) cross section.〈Pf (Jπ )〉 represents the average spin dependent fission probability,
while DI is the (calculated) level spacing for allK-values in the first minimum andDII the (experimentally determined) level spacing in the
second minimum (Kπ = 0+). WcII is the width (FWHM) of the fission probability of class II compound levels. In the last two columns the
γ -transmission coefficientTγ I in the first well and the effective transmission coefficient〈Tf (Jπ )〉 are given (see text).
Jπ αf (J
π ) αc(J
π ) 〈Pf (Jπ )〉 DI (keV) (allK) DII (keV) (Kπ = 0+) WcII (keV) Tγ I(Jπ ) 〈Tf (Jπ )〉
Resonance: 5.1 MeV
0+ 0.19(3) 0.024 0.79(12) 0.175 21  15 8.3× 10−4 3.0× 10−3
2+ 0.66(5) 0.14 0.47(3) 0.039 21 7.5 3.7× 10−3 3.3× 10−3
4+ 0.15(5) 0.08 0.19(6) 0.027 21 2.6 5.4× 10−3 1.3× 10−3
Resonance: 4.6 MeV
0+ 0.31(6) 0.015 0.042(5) 0.51 96 2.2 2.3× 10−4 1.0× 10−5
2+ 0.59(6) 0.12 0.0098(9) 0.11 96 0.6 1.1× 10−3 1.1× 10−5
4+ 0.10(5) 0.07 0.0029(13) 0.08 96 0.2 1.5× 10−3 0.4× 10−5
the observed preservation of the moment of inertia of
the SD ground state band.
3.2. Spin dependent fission probabilities
Aiming at a deduction and interpretation of the
spin-dependent fission probabilities, we discuss in the
following relevant properties, which are compiled in
Table 1, analog to Ref. [10]. The relative fission
cross sectionsαf (J π) were obtained from the fit
of the spectra in Fig. 2. In the maximum of the
5.1 MeV resonance we obtain (taking an average of the
values from our measurement and that of Ref. [10]) a
dominance of the 2+ states withαf = 0.66± 0.05,
which nicely agrees with the value of 0.67 ± 0.06
obtained by Britt et al. [26].
The relative (d, p) compound cross sectionsαc(J π)
at Ed = 12.5 MeV were obtained in DWBA-
calculations for deformed nuclei, where the final Nils-
son orbitals were distributed over the compound nu-
clear levels by strength functions [10]. They agree
quite well for the 5.1 MeV resonance with values of
αc(J
π) calculated in Ref. [27] forEd = 13.0 MeV.
The excitation energy dependence ofαc(J π) for states
in the 4.6 MeV resonance was taken from Ref. [27].
For the energy- and spin-averaged fission probabil-
ities at the maxima of the two resonances values of
〈Pf (5.1 MeV)〉max = 0.10 and〈Pf (4.6 MeV)〉max =
2.0 × 10−3 could be deduced in Ref. [17]. While
the upper resonance could be well reproduced in a
theoretical description assumingKπ = 0+, for the
lower resonance also a contribution from a 0− reso-
nance was discussed. However, a satisfactory descrip-
tion of this resonance could also be achieved with
pureKπ = 0+ characteristics, assuming a fragmenta-
tion of the thirdβ phonon over states with energies of
4.2 MeV (30%), 4.5 MeV (45%) and 4.7 MeV (25%).
Using 〈Pf 〉, the average spin dependent fission prob-
ability 〈Pf (J π)〉 can be calculated by〈Pf (J π)〉 =
〈Pf 〉 · αf (J π)/αc(J π). The level spacingsDI given
in the fifth column of Table 1 are calculated with the
standard back-shifted Fermi gas formula [28]. How-
ever, for the level spacing in the second minimum,DII ,
the restriction toKπ = 0+ bands, in contrast to ear-
lier publications [9,10], causes 0+,2+ and 4+ levels
to have the same level density. The numbers given in
Table 1 are experimentally determined by the fit pro-
cedure described earlier. For the FWHMWcII of the
fission probability of class II compound levels the re-
lation
WcII = DII
π
· arcos
(
1− 2〈Pf (J
π)〉2
1− 〈Pf (J π)〉2
)
is deduced in Ref. [10] under the assumption that
ΓcII  DII . As long as 〈Pf (J π)〉 is smaller than
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√
(1/2) this widthWcII can be determined. For larger
values of 〈Pf (J π)〉 the class II levels overlap too
strongly. We used this relation to calculate theWcII
widths given in Table 1. We cannot calculate aWcII -
value for the 0+ levels in the centre of the 5.1 MeV
resonance, however, within the experimental error of
〈Pf (J π)〉 a value of 15 keV is estimated. Therefore,
a fit with Kπ = 0+ bands in the upper resonance still
appears reasonable.
The energy and spin dependence of the averaged
fission probability〈Pf (J π)〉 can be explained by:
(i) a rather completeK-mixing in the first well,
(ii) a K-conservation in the second well and (iii) the
competition betweenγ -decay in the first well and fis-
sion through the double-humpedbarrier. The processes
can be described by a widthΓ or by a transmission co-
efficientT , which are connected by:T = (2π/D) ·Γ ,
whereD is the level spacing of states of the appro-
priate spin and parity. Theγ -“transmission coeffi-
cient” Tγ I(J π) = (2π/DI(J π)) · Γ Jπγ increases with
spin and excitation energy, while the decay widthΓ J
π
γ
is ≈ 23 meV at 5 MeV [10] and changes little with
excitation energy (10 meV/MeV [14]), spin J , spin
projectionK and parity [14]. The double-humped fis-
sion barrier predominantly selectsKπ = 0+ states for
transmission resonances out of all possibleK-values
for a givenJ -value in the first well. For the lower
4.6 MeV resonance theK-components withK = 0
decay predominantly byγ -decay and the decrease of
〈Pf (J π)〉 forKπ = 0+ states with increasing spinJ is
approximately proportional to 1/(2J + 1). For the up-
per 5.1 MeV resonance the decay by fission ofKπ =
0+ states is faster than theγ -decay (or comparable).
Thus the spread of〈Pf (J π)〉 with spin is reduced
at the upper resonance, explaining also the smooth
increase of theI2+/I0+ ratio with excitation energy.
When comparing measured fission probabilities with
theory, the averaging over unresolved class I states
causes some complications because, e.g., for the av-
eraged fission probability one first has to calculate the
probability for individual class I states before averag-
ing: 〈Pf (J π)〉 = 〈Γf I(J π)/(Γf I(J π)+ Γγ I(J π))〉 =
(F · 〈Γf I〉)/(〈Γf I〉 + 〈Γγ I〉). HereF is a fluctuation
factor, which may be smaller than 1 by up to 30% [14,
24]. In Ref. [11] a formula for the averaged fission
probability 〈Pf 〉max at the center of aβ-vibrational
resonance was deduced under the additionally fulfilled
conditions (DI  Γγ I andDII >WcII ):
〈Pf 〉max = h̄ωβ
π · ΓW
√
PAPB
Tγ I
.
HerePA andPB are the penetrabilities of the inner
barrier (EA = 5.8 MeV, h̄ωA = 0.82 MeV) and the
outer barrier (EB = 5.45 MeV, h̄ωB = 0.6 MeV) [10];
h̄ωβ = 0.77 MeV is theβ-phonon energy in the sec-
ond minimum;ΓW = γ
√
(1− 〈Pf 〉) is the damping
width into class II compound states;γ (∼ 200 keV)
is the observed resonance width andTγ I is the γ -
transmission coefficient. The obtained dependence of
Pf on the barrier penetrabilities∝ √PA · PB differs
from ∝ PA · PB/4(PA + PB)2 for an undamped reso-
nance [23] and from∝ PA · PB/(PA + PB), when av-
eraging over the fission width and theγ -width sep-
arately [24]. The experimental fission probabilities
〈Pf (J π)〉 are nicely reproduced by the theoretical
value of 〈Pf 〉max for resonance energies of 5.1 MeV
and 4.5 MeV. Experimentally it is difficult to deter-
mine the exact positions of theβ-vibrations, because
of centroid shifts introduced by weighting the mea-
sured resonance intensities with the steep slope of the
barrier penetrabilities. Although the resonance cen-
troid obtained by averaging over the measured inten-
sity results in〈E∗〉 = 4.6 MeV, an improved value
of 4.5 MeV can be obtained by taking into account
the fragmentation of the resonance strength and the
weighting with the absolute fission probability.
The fission probabilities〈Pf (J π)〉 are strongly spin
dependent, but the effective transmission〈Tf (J π)〉 =
〈Pf (J π)〉 · Tγ I(J π)/(1− 〈Pf (J π)〉) through the bar-
riers turns out to be rather spin independent. This is ex-
pected, because the barrier heights, to first order, vary
little for differentJ members of a rotational band with
Kπ = 0+. Also the observed reduction of the trans-
missionTf for spin 4 compared to spin 0 by a factor
of ≈ 2.4 for both resonances can be explained, using
the Hill–Wheeler formula [2] for the energy dependent
penetration probabilitiesPA andPB . For the 4+ states
in the first minimum about 142 keV are bound in ro-
tational motion. Taking into account the change of the
moments of inertia for the two barriers and the cur-
vaturesh̄ωA and h̄ωB for the parabolic barriers one
obtains for the change of
√
(PA · PB) the same fac-
tor of 2.4. This introduction of an effective transmis-
sion coefficient〈Tf 〉 is reasonable forTf  Tγ I  1,
even when averaging over class I states, because
〈Pf 〉 = 〈Tf /(Tf + Tγ I)〉  〈Tf /Tγ I〉  〈Tf 〉/〈Tγ I〉.
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At the top of the barrier, for overlapping class II states
〈Tf /(Tf + Tγ I)〉 and〈Tf 〉/(〈Tf 〉 + 〈Tγ I〉) lead to the
same results [11]. However, even in the transition re-
gion the effective transmission〈Tf 〉 shows a remark-
able scaling behaviour in Table 1, where the values for
the upper resonance are obtained from the lower reso-
nance by multiplying with a factor of 300.〈Tf 〉 seems
to be a very useful quantity and the fluctuation factor
F [24] seems to show only small variations.
Summarizing, we extended the detailed spectro-
scopic information obtained in conversion electron
andγ spectroscopy for the lowest phonons to the third
and fourthβ-vibrational phonon by transmission res-
onance spectroscopy. It will be challenging to reach
the intermediate levels between 1.5 and 2.0 MeV in
the second minimum at the limit of both methods, be-
cause then common levels could be observed and the
scaling laws for the fission probability and the barrier
penetrabilities could be tested independently.
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Abstract
The g decay of excited states built on the superdeformed shape isomer 240 f Pu was measured for the first time with an
238 Ž .array of EUROBALL CLUSTER detectors in coincidence with delayed fission decays using the U a ,2n reaction. The
strongest g transitions can be assigned to the out-of-band decays of three excited superdeformed rotational sequences: A
p y p yŽ y. Ž .K s2 and K s1 2 band with respective bandhead energies of 806.2 keV and 836.0 846.8 keV decaying to the
240 f p Ž . Ž . p y Ž .ground state band of Pu, and a K s2 1 band at 1360.9 1344 keV populating mainly the K s2 806.2 keV band.
q 2000 Elsevier Science B.V. All rights reserved.
PACS: 23.20.Lv; 27.90.qb
1. Introduction
Ž .Superdeformed SD nuclei have been observed in
a broad range of nuclei and a wealth of experimental
data on the resulting rotational bands has been accu-
w xmulated in recent years 1 . Based on an idea origi-
w xnally developed by Strutinsky 2 to explain fission
w xisomerism in the actinides 3 , the occurrence of
nuclear superdeformation can be explained within
the liquid drop model by taking into account the
deformation-dependent shell effects, which can cause
Ž .a second minimum SMin in the nuclear potential
energy surface at a quadrupole deformation corre-
w xsponding to an axis ratio of approximately 2:1 4 .
For A)230 nuclei the second well is already deep
enough at zero rotational frequency to force excited
SD low spin states to decay within the SMin to its
ground state, which is metastable against the electro-
magnetic decay into the first minimum as well as
against fission. Actinides are thus ideal candidates to
investigate basic properties of SD nuclei under con-
ditions avoiding additional effects caused by the
rotation.
The delayed decay of the shape isomer provides
an unique experimental tag to identify the SD con-
figuration. In fact, the detection of the isomeric
decay was crucial for the discovery of superdeforma-
w xtion 3 , for the first observation of a SD rotational
w xband 5 , for lifetime measurements of these bands
w x6 , for conversion electron spectroscopy in the SMin
0370-2693r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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w x7 , and for the first detailed observation of the g
back decay of a SD state into the normal deformed
Ž . w xND minimum 8 .
Experimental information on the excitation energy
and the vibrational or quasi-particle nature of excited
SD configurations in the actinides is extremely rare.
Therefore, an experiment was performed to measure
non-rotational g transitions between states in the
SMin of 240 Pu.
2. Experiments and data reduction
Excited states in 240 f Pu were populated via the
238 Ž .U a ,2n reaction at E s25 MeV by using aa
selfsupporting 238 U target of 1.7 mgrcm2. The tar-
get thickness was chosen to stop the 240 Pu reaction
products but not the fission fragments. The pulsed
Ža-beam pulse frequency 13.5 MHz, pulse width
.-1 ns was provided by the Tandem accelerator of
the Max-Planck-Institut fur Kernphysik in Heidel-¨
berg.
The fission fragments were detected by eight
segmented position sensitive Parallel Plate Avalanche
Ž .Counters PPACs arranged in two pyramids cover-
ing a solid angle of f80% of 4p . To optimize the
online trigger separation between delayed fission,
signalling the population of 240 f Pu, and prompt fis-
sion events, which were a factor of up to 105 more
frequent, a close detector geometry was built to
Ž .minimize the time-of-flight TOF of the fission
fragments. The pulse heights allowed an unambigu-
ous separation of fission fragments from scattered
beam particles.
Ž .Six four germanium CLUSTER detectors of the
w xgerman EUROBALL collaboration 9 were used in
two beamtimes to measure g-rays with high energy
resolution. To achieve the highest full energy peak
Ž .efficiency the six four CLUSTER detectors, com-
Ž .prising 42 28 individual detectors, were arranged as
Ž .near as possible to the target position CUBE setup .
Averaging over the two beam times the total full
energy peak efficiency of the setup was determined
Ž .to be f8.5% at 800 keV , and the overall detector
Ženergy resolution was measured to be 2.3 keV at
.800 keV . The close distance between detectors and
target of 11.5 cm was tolerable because the interest-
ing events are characterized by low g multiplicities
Ž . w xN F10 10 and no Doppler broadening occurs.g
Requiring a coincidence between two fission frag-
ments in opposite PPAC’s and a g-ray in one of the
individual Ge detectors, and suppressing prompt fis-
sion events by a hardware condition on the faster of
the two PPAC signals with respect to the beam
pulse, about 5P108 events were recorded.
The average time-of-flight of the fission frag-
ments from the target to the individual PPAC seg-
ments varied from 3 to 8 ns due to the differences in
flight path and energy losses in the target. The
exponential decay observed for times G8 ns with a
Ž .half life of T s 3.76"0.15 ns agrees well with1r2
Ž .the literature value of T s 3.7"0.3 ns for1r2
240 f w xPu 11 . Applying a cut on the fission time,
1.7P105 events could be assigned to the population
Ž .of the SMin see Fig. 1 . The contribution of prompt
fission events in this sample of delayed events is
Q15%. This corresponds to a suppression factor of
the prompt fission channel of f3P10y6.
Gamma transitions in the SMin were selected by
requiring a delayed fission event in coincidence with
a prompt g-ray. To obtain a clean g spectrum, a
prompt time window was applied to reduce the
background caused by neutrons and g-rays emitted
in flight from the delayed fission products. A remain-
Fig. 1. Fission time spectrum after correcting for time-of-flight
differences. The dashed spectrum is corrected for the hardware
suppression of the prompt fission events. The dotted curve shows
the time spectrum for events assigned to the delayed fission of
240 f Pu.
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ing background contribution was subtracted using
the g spectrum observed in coincidence with prompt
fission events, which is expected to be of the same
overall shape as the delayed fission spectrum. The
resulting g spectrum is shown in Fig. 2; it summa-
rizes 440 hours of beamtime.
The CUBE experiment was preceded by a
preparatory g experiment to investigate the feasibil-
238 Ž .ity of the U a ,2n reaction for g spectroscopic
w xmeasurements 10 . Instead of the high resolution
Ge-detectors the Heidelberg-Darmstadt Crystal Ball
Ž .CB spectrometer, a 4p array consisting of 162
Ž . w xindividual NaI Tl modules 12 , was employed. The
particle detector setup and the trigger scheme were
comparable in both experiments. The high full-en-
Žergy peak efficiency of the CB ;60% at E s800g
.keV supplies valuable complementary information
on the g cascades in 240 f Pu. Especially, the g sum
energy E provides information about the excita-g ,sum
tion energy of states populated after neutron emis-
sion. Fig. 3 displays the resulting g sum energy
spectrum together with the strongest of the observed
g cascades. Note that the sum energies of the cas-
cades are deduced from the individual g energies
and do not take into account possible losses of
excitation energy via conversion electron decays.
The intensities quoted are efficiency corrected g
yields per delayed fission event. About 20% of the
Fig. 2. Background subtracted g-ray spectrum for 240 f Pu. The thin lines enclosing the zero line mark the statistical 1s fluctuation expected
due to the subtracted background spectrum. The assignments are discussed in the main text.
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240 f Ž . w xFig. 3. Gamma sum energy spectrum of Pu right panel measured with NaI resolution in a preparatory experiment 10 . The decay
Ž .scheme deduced from this measurement left panel summarizes the strongest of the observed g cascades.
delayed fission events are not preceded by prompt
Ž .Q3.5 ns g decays of excited states in the SD well.
3. Results
From the conversion electron measurement of the
Ž . 240 fground state band g-band of Pu by Specht et al.
w x5 , who employed the same reaction and beam
energy, an estimate for the spin distribution of the
states populated in the SMin can be deduced: the
distribution reaches up to spins of 8" and its average
spin is 4.5". Since the rotational in-band E2 transi-
tions are converted for spins -10", the g lines
observed in Fig. 2 above E f150 keV have to beg
assigned to the g decay of intrinsically excited SD
configurations. Moreover, as the production of Pu K
X-rays by atomic processes is negligible, the ob-
served Pu K X-ray lines have to be attributed to the
K conversion of transitions in the SMin of 240 Pu
with energies larger than the K binding energy of
121.8 keV.
Ž .The g spectrum Fig. 2 is dominated by a single
Ž .line at 786.1"0.1 keV. Its efficiency corrected g
Ž .intensity of 37"2 %, measured relative to the
number of delayed fissions, is ten times larger than
the intensity of any other transition observed. The
assignment of the 786.1 keV line to 240 f Pu is unam-
Ž .biguous as i the g time spectrum shows a prompt
Žtime peak imposing an upper limit of T Q0.6 ns1r2
Ž ..for the lifetime of the involved g decaying state s
Ž .ii the line is in coincidence with the Pu K X-rays
Ž .and iii energy, intensity and angular distribution
w Ž . Ž . xW Q s1qa P cosQ with a s0.04"0.08g 2 2 g 2
of this line agree with the results for the strongest g
Ž .group observed in the CB experiment see Fig. 3 . A
direct decay into the g-band of 240 f Pu is consistent
with both experiment.
The high intensity of the g line at 786.1 keV may
be explained by the decay of a bandhead of an
Ž .excited rotational band a-band to the g-band, as-
suming fast in-band decays of the excited band
members and slow inter-band decays. The hypothesis
that the g line results from an overlay of several
I ™I inter-band transitions with almost the samea g
energy is unlikely: The observed line width corre-
sponds to the average energy resolution of the Ge
detectors; taken together with the initial spin distri-
bution such a degeneracy would force the moments
of inertia of both bands to be identical within less
than 0.5%. Including the constraints due to the Alaga
w xrule 13 , a consistent and unambiguous description
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of all observables is obtained by assuming the exis-
tence of a Kp s2y rotational band with a bandhead
energy of 806.2 keV, and by assigning the 786.1
keV line to the 2y y2q transition and the twoa g
weaker g lines at 758.9 keV and 805.4 keV to the
3y y4q and 3y y2q transition, respectively. Thea g a g
energy difference of the latter two lines is in perfect
agreement with the 4q™2q transition energy ofg g
46.72"0.09 keV known from the conversion elec-
w xtron experiment in 5,6 . Moreover, the resulting
energy difference between the Ip s2y and Ip s3ya a
state of 19.4"0.3 keV corresponds to a moment-
of-inertia of the a-band which agrees within 5% with
Ž .that of the g-band. see also Section 4 .
Because of the K-hindrance of the E1 transitions
between a Kp s2y band and the Kp s0q g-band,
the members of the a-band are expected to decay
predominantly by in-band transitions. Assuming a
spin population and a quadrupole moment for the
a-band similar to that of the g-band, the in-band
decays are found to proceed more likely via un-
stretched DIs1 E2 transitions with negligible M1
contribution rather than by stretched E2’s with DIs
2. The feeding of the band head via stretched and
unstretched E2 transitions from the higher lying
members of the a-band results in an anisotropy of
a s0.05–0.1 for the 786 keV transition, in good2
agreement with the measured angular distribution
coefficient. The splitting of the total intensity of 41%
carried by the in-band transitions of the a-band on
stretched and unstretched transitions is also the rea-
son why these transitions could not be observed in
the conversion electron measurement of Specht et al.
w x5 . From the out-of-band transition intensity of the
3y state the half live of the 3y state can be esti-
mated to be f130 ps. This value corresponds to a
< < Ž . Ž .DK s2 hindrance factor of B E1 rB E1 fw.u. exp
3P105, in agreement with measured E1-hindrance
< <factors for DK s2 transitions in the rare earth and
actinide region, which cover a range of 2P105–2P
8 w x10 14 . Moreover, the measured intensity ratio
Ž y q. Ž y q.I 3 ™2 rI 3 ™4 s1.45"0.35 agrees witha g a g
the Alaga rule value of 1.6 for an E1 transition when
allowing for a small Ks1 admixture in the 3y
state. A conclusive proof of the Kp s2y assignment
for the a-band was obtained in a recent conversion
electron experiment, in which the conversion coeffi-
cient of the 786.1 keV transition was measured to be
Ž . y3 w xa s 6.3"1.7 P10 15 . This value establishesk
directly the E1 character of the 786.1 keV g transi-
tion and fixes the parity assignment of the 806.2 keV
state to psy.
Due to their fast in-band decays, higher spin
states of the Kp s2y rotational band do not mani-
fest themselves via inter-band transitions. However,
Ž .a second rotational band c-band located above the
Kp s2y band is populating the higher lying mem-
bers of the band and thus allows for an extension of
the level scheme: supported by the coincidence rela-
tions observed in the preparatory CB measurement,
most of the g lines observed in the energy region
Ž .around 550 keV see inlet in Fig. 2 can be attributed
to transitions feeding the a-band. Levels of the c-band
are depopulating into consecutive levels of the a-band
Ž .in two sequences of I ™ I and I ™ I q1 tran-c a c a
sitions, which allow to deduce the a-band levels up
to Ip s6y. These transitions confirm the spacing
between the two lowest levels of the a-band and the
extension of the band expected for an A-parameter
Ž .of A s3.26 2 keV.a
Ž .The c-band can be assigned to a Ks2 1 rota-
Žtional band with a band head at 1360.9"0.3 1344.4
. Ž ."0.5 keV see level scheme Fig. 4 . Although
there is some evidence for direct decays of c-band
Žstates into the g-band weak g lines at 1341 keV,
1320 keV and 1356 keV may be assigned to the
q q q .2 ™2 , 3 ™4 , 4 ™4 transitions the spinc g c g c g
assignment of the c-band levels has to be regarded as
tentatively. The g intensity of 13% carried by the
c™a transitions agrees with the value of 12% de-
duced in the CB experiment.
ŽIn the energy region from 750 to 870 keV lower
.part of Fig. 2 additional lines show up beside the
a-band decays, which can be grouped in three se-
quences. The strongest one are obviously due to
Ip™Iq transitions from the decay of the even spinb g
Ž .members of an excited rotational band b-band .
Regarding the possible K and parity values of the
b-band a positive parity assignment is rather un-
likely: For a Kps0q band, the 0q™2q transitiong
would be expected at 808 keV, but is not observed;
Ž . Ž .moreover, all other I ™ Iy2 and I ™ Iq2b g b g
transitions expected for decays of a positive parity
band are not seen either. On the other hand, the
assumption that the I ™I decays are of E1 type,b g
i.e. that the initial states have negative parity, is
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240 f Ž .Fig. 4. Proposed level scheme build on the SD shape isomer Pu all energies are in keV . Converted transitions are indicated by open
w x Ž .arrows. The energies of the g-band members are from 6 . Dashed lines indicate assignments based on weak statistical evidence.
readily explaining the absence of competing decays
to other members of the g-band. Moreover, the ani-
Ž .sotropy of a s0.65 15 measured for these transi-2
tions agrees well with the value of a f0.7 expected2
for pure dipole radiation. Therefore, the most likely
assignment for the b-band is Kp s1y with a band-
Ž .head at 836.0"0.5 keV. We cannot really exclude
p y Ža K s2 assignment with a band head at 846.8"
. y Ž .q y Ž0.3 keV, because the I ™ Iq1 and I ™ Ib g b
.qy1 E1 decays of the odd spin members of theg
b-band result in only marginally significant g lines
Ž .see Fig. 2 . Approximately 14% of the observed g
flux proceeds through this band, again in agreement
Ž .with the CB finding see Fig. 3 .
Although the evidence is weak, it seems worth-
while to mention our candidate for a Kps0y oc-
Ž .tupole band: A g line observed at 251.5"0.2 keV
with an intensity of 1.3% can be combined with part
of the 554.8 keV line to the bandhead energy of the
Ž .a-band of 806.2"0.1 keV. Furthermore, a weaker
Ž .g line observed at 216.5"0.5 keV can be com-
bined with a 569.2 keV component of the broad
570.3 keV line-structure to form another decay cas-
cade of the 2y band head of the a-band leading to
the 2q member of the g-band. The 555 and 569 keV
lines are also associated with c-band decays, how-
ever, their intensities show significant deviations
from the smooth behavior of the other c-band decays
and justify the partitioning. With the reasonable as-
sumption that the lower energy transitions are first in
the decay of the 2y state, the two cascades lead toa
Ž . Žintermediate states at 554.7"0.2 keV and 589.7
. Ž ."0.5 keV. Their spacing of 35.0"0.6 keV and
their feeding via the 2y state suggests a 1y and 3y
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spin assignment for the two levels as expected for a
Kp s0y rotational band with a moment-of-inertia
Ž .very similar to that of the g-band see below .
4. Discussion and conclusion
w xIn contrast to common expectations 16 , that the
low lying intrinsic excitation modes in the SMin can
be assigned to collective surface vibrations of the b-
and g- or Kp s0y octupole type, the strongest
non-rotational excitations in 240 f Pu observed in the
present experiment are characterized by Kp s2y
p yŽ y. Ž .and K s1 2 Fig. 4 . No evidence was found
for the b and g vibration, and only a weak signal
for a Kps0y octupole vibration, even though from
investigations of transmission resonances in isomeric
240 w xand prompt fission of Pu 17 the bandhead ener-
gies of the quadrupole vibrations are expected to be
in the same energy range as the observed ones. On
the other hand, a Kp s0y octupole band head en-
ergy of 554.7 keV would be in agreement with
results deduced from fission resonances in 240 Pu
w x18 , which constrained the excitation energy con-
Ž p y. Žnected with the K s0 octupole phonon to 750
."200 keV, but the population of this band by only
2.0% via the a-band appears to be surprisingly low.
Predominant E0 decays have to be considered as an
alternative deexcitation path especially for the b
vibrational state. These E0 transitions were observed
236,238 w xfor the U fission isomers by 7 exploiting
Ž .d,pn reactions. In this measurement the g decay of
the b band is not expected to be seen. Therefore, the
b band will be subject of forthcoming conversion
w xelectron measurements 15 .
To compare the rotational energies of the ob-
served bands with those of the g-band of 240 f Pu, the
sequences were fitted with a power series in angular
w xmomentum 13
22E K , I sE qAI Iq1 qBI Iq1Ž . Ž . Ž .K
Iq1qd K ,1 y1 I Iq1Ž . Ž . Ž .
= A qB I Iq1 . 1Ž . Ž .Ž .2 2
In general all rotational bands with KG0 may be
subject to a signature splitting caused by the Coriolis
Ž .interaction between the two "K components of
the intrinsic wave function. In well deformed e–e
actinide nuclei, however, only the Kp s1y bands
show a significant staggering between even and odd
spin states, which can be well described by the
Ž .corresponding signature term included in Eq. 1 .
This seems to be also true for the proposed SD
Kp s1y band of 240 f Pu, an observation which pro-
vides further evidence for the Kp s1y assignment
of the b-band. The parameters resulting from the fit
Ž .of Eq. 1 to the observed bands are compiled in
Table 1
Rotational energy parameters for 240 f Pu and ND 240 Pu and 238 U
p Ž .Nucleus K E K , IsK A B A B2 2
Ž . Ž . Ž . Ž . Ž .keV keV eV eV eV
240 f q Ž . Ž .Pu 0 0.0 3.343 3 y0.28 4 – –g
y Ž . Ž .0 547.7 3.5 – – –o
y Ž . Ž .2 806.2 3.26 2 y1.7 6 – –a
y Ž . Ž . Ž . Ž .1 836.0 3.07 1 q0.34 16 y70 6 0.20 13b
Ž . Ž . Ž . Ž .2 1 1360.9 1344 4.20 3 q4.3 8 – –c c
240 qPu 0 0.0 7.09 y2.58 – –
y0 587.1 5.13 1.51 – –o
y1 936.1 6.02 y1.11 411. y1.63
238 qU 0 0.0 7.42 y3.26 – –
y0 668.9 5.26 0.87 – –o
y1 930.8 6.36 y22.7 760. y22.3
y2 1128.7 6.52 q8.01
( )D. Pansegrau et al.rPhysics Letters B 484 2000 1–98
Table 1 together with corresponding values for rota-
tional bands in the ND minimum of 240 Pu and 238U
w x11,19 . As the different A values, being inversely
proportional to the moments of inertia, for the g
bands in 240 Pu and 240 f Pu reflect the different defor-
240 w xmation of Pu in the ND and SD minimum 20 ,
the similarity of the A values for a and b band to
that of the g band in 240 f Pu indicate that these three
bands are based on SD configurations with very
similar deformations. The A parameter for the c
Ž .band of A s4.20 3 keV results in a smaller mo-c
ment of inertia as that of the SD g band and thus
suggests a deformation between that of the ND and
the SD minimum. The second order non adiabaticity
parameter B for the g band and b band as well as the
staggering coefficient A are found to be smaller as2
compared to the ND bands. However, the higher
rigidity against rotation, which is observed for g
w xbands in SD actinide nuclei 1 , is not prevailing for
excited SD configurations.
The remarkable dominant population of negative
Ž .parity states in the SD minimum after the a ,2n
reaction may be caused by a special filtering action
of the inner and out barrier. Competing decay paths
like fission and back decay into the ND minimum
may distort or even inhibit the feeding of SD levels
with respect to their parity andror K quantum num-
ber. For example, the b vibration is the doorway
state for the back decay and fission. In the excitation
energy range higher than 1 MeV competing decays
out off the SMin are thus expected for states build on
several b phonons. Indeed, the fission decay path of
higher lying Kps0q states is confirmed by a recent
w xexperiment 22 . A higher inner and outer barrier for
negative parity states with Kp G1y as compared to
excitations involving only b , g , and Kp s0y
octupole vibrations would lead to a preference of
electromagnetic transitions, which proceed either by
E1 transitions directly to the g band or by collective,
parity conserving E0 , E2 transitions to excited
negative parity bands. The filtering action of the
inner barrier may be considered as a more general
feature affecting also the population of SD states
Ž .after HI, xn reactions in other mass regions.
Theoretical calculations of intrinsic excitations of
SD 240 Pu are rather sparse. Results obtained by
Nakatsukasa et al. within the cranked shell model
extended by the random phase approximation predict
the lowest octupole vibrational band for several SD
p y w xHg nuclei to be the K s2 band 21 . In a prelimi-
nary extension of these calculations to SD 240 Pu, the
lowest octupole bands are predicted to be a Kp s2y
p y w xand K s1 band 21 , in accord with our experi-
w xmental finding. Recent results by Soloviev 23 , ob-
tained within the framework of the quasiparticle
phonon nuclear model, predicted collective vibra-
tional states with Kp s0q, 2q, 0y as the lowest
excited states at f 800 keV excitation energy, while
the energy of the first Kp s2y state was calculated
to be around f 1150 keV.
Besides performing more detailed theoretical in-
vestigations of the low lying intrinsic excitations of
240 f Pu, progress in our understanding may also be
gained from additional conversion electron measure-
ments. From the Pu K X-ray yield observed in the
present experiment the intensity carried by converted
interband transitions can be estimated to be about
22%. Thus, a direct measurement of these conver-
sion electrons may help to consolidate the proposed
level scheme and to search for the missing quadrupole
vibrational excitations. Such investigations were re-
w xcently started by Gassmann et al. 15 .
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Abstract
233 Ž .234The U d,pf U reaction has been studied with high energy resolution. The observed fission resonances in the
excitation energy range of 4.75 FE)F 5.40 MeV were described as members of rotational bands with rotational
Ž 2 .parameters characteristic to the hyperdeformed nuclear shape " r2us2.1"0.2 keV . Information on the K values of the
bands has been obtained from fission fragment angular distribution measurements. The level density of the most strongly
excited Js3 states has been compared to the prediction of the back-shifted Fermi-gas formula and the energy of the ground
state in the third minimum has been estimated to be E s 3.1 " 0.4 MeV. q 1999 Published by Elsevier Science B.V. AllIII
rights reserved.
PACS: 21.10.Re; 21.10.Gv; 25.85.Ge; 27.90.qb
Recently, very effective, high resolution 4p gam-
ma-ray spectrometers like EUROBALL and GAM-
MASPHERE have been developed for nuclear struc-
ture studies. The extensive development of these
spectrometers was started about ten years ago after
the discovery, in deformed nuclei, of high-spin su-
Ž . w xperdeformed SD states 1,2 with a ratio of 2:1 for
the long to the short axis. Today, one of the main
goals of these spectrometers is to search for hyperde-
Ž .formed HD nuclear shapes with an axis ratio of
3:1.
Early evidence for hyperdeformation in 152 Dy
w xwas reported by Galindo-Uribarri et al. 3 . Discrete
transitions have been tentatively assigned to a HD
152 w x w xband in Dy by Viesti et al. 4 . LaFosse et al. 5
have made a more definite observation of a HD band
in 147Gd, but one year later they showed that the
candidates previously reported did not have proper-
w xties consistent with band structure 6 .
In the actinide region a third minimum in the
Ž .potential energy which contains HD states was
predicted already more than twenty years ago by
0370-2693r99r$ - see front matter q 1999 Published by Elsevier Science B.V. All rights reserved.
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w xMoller et al. 7 . According to recent calculations, in¨
these nuclei the so-called third minimum of the
potential barrier appears with deformation parame-
w xters b f0.90 and b f0.35 8,9 and the depth is2 3
Ž w x.predicted to be much larger DEf 3 MeV 10
w xthan believed earlier 11 .
The excited states in the third minimum of several
w xTh isotopes were investigated by Blons et al. 15 by
measuring the micro-structure of sub-barrier fission
resonances, but until now there is no experimental
information available for the depth of the third mini-
mum.
The g and conversion-electron spectroscopy in-
vestigations of the SD states turned out to be very
difficult in the actinide region because of the very
Ž .low partial cross-sections 0.001% of the total , and
the high background produced by the fission frag-
ments. After the discovery of high-spin superdefor-
mation in the As150 region, excited by a f5%
fraction of the total cross-section, the main focus of
the research moved to that region although many
interesting problems remained also in the actinide
region.
One of the characteristic features of the HD bands
in the actinide region, besides the large moment of
inertia, is the appearance of octupole bands. Blons et
w xal. 15 analyzed the micro-structure of the fission
resonances in Th isotopes by assuming HD
octupole-deformed rotational bands. These bands
have been observed also in the first well in the
Ž w x.actinide region see e.g. 12 . The different conse-
quences of the octupole deformation have been re-
w xviewed recently by Butler and Nazarewicz 13 .
w xIn our previous work 14 we reanalyzed the
fission resonances in 234 U measured by Blons et al.
w x15 and showed that the unresolved peaks around
E) s 4.9 MeV could be interpreted as HD states in
the third well of the potential barrier.
The aim of the present work is to study the
233 Ž .234U d,pf U reaction with better energy resolution
w xthan Blons et al. 15 , to resolve the HD rotational
bands and, from the level densities, to estimate the
depth of the third minimum.
In order to investigate the HD bands the excita-
tion energy was chosen between the energy of the
inner and outer barriers of the second well, i.e.
w xbetween 4.5 and 5.2 MeV 14 . In this energy range
the widths of the SD resonances in the second well
should be much broader than those of the HD states
due to the strong coupling to the normal deformed
states. The widths of the HD states due to the higher
outer barriers of the third well remain below the
actual experimental resolution of ;5 keV.
The experiment on 234 U was carried out with a Ed
s 12.5 MeV deuteron beam of the Munich Tandem
Ž . 2accelerator. Enriched 99% f 30 mgrcm thick
targets of 233U were used. The energy of the outgo-
ing protons was analyzed by a Q3D magnetic spec-
w xtrograph with a solid angle of 10 msr 16 , which
was set at Q s 1308 relative to the incomingLab
beam. The position of the analyzed particles in the
focal plane was measured with a light-ion focal-plane
detector of 1.8 m active length using two single-wire
proportional counters surrounded by etched cathode
w xfoils 17 . A line-width of F 3 keV has been
observed for elastic scattering of 20 MeV deuterons.
Fission fragments were detected by two position-sen-
Ž . w xsitive avalanche detectors PSAD 18 having two
Ž .wire planes with delay-line read-out corresponding
to horizontal and vertical directions. Protons were
measured in coincidence with fission fragments. The
obtained proton–fission fragment coincidence spec-
trum is shown in Fig. 1. as a function of excitation
energy. Recently we have performed a similar analy-
240 Žsis also for Pu where a much less complex super-
. w xdeformed band structure was analyzed 19 .
The obtained widths of the peaks show the experi-
mental energy resolution up to about 5.3 MeV. Above
this excitation energy the peaks get increasingly
broader due to the increasing fission width when we
Fig. 1. Proton spectrum measured in coincidence with the fission
fragments.
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Žapproach the top of the fission barrier see Fig. 1 in
w x.Ref. 14 . The low energy part of the spectrum,
w xwhich we analyzed before 14 , is compared to the
w xone published by Blons et al. 15 in Fig. 2.
Comparing the spectra we can conclude that the
energy resolution has been considerably improved
and we can clearly see the fine structure of the
peaks. The energy calibration was taken from the
208 Ž . Ž .Pb d,p reaction, using the d,p Q-value of 1.710
w x"0.015 MeV 20 . According to this calibration the
energy spectrum shown in the upper part of Fig. 2
had to be shifted by f150 keV from the one
w xpublished by Blons et al. 15 to achieve consistency.
Experimentally the very large quadrupole and oc-
tupole moments of the HD states should manifest
themselves by the presence of alternating parity bands
w xwith very large moments of inertia 15 . Assuming
overlapping rotational bands with the same moment
w xof inertia, inversion parameter 12 and intensity ratio
for the members in a band, we fit our spectrum using
simple Gaussians for describing the different band
members in the same way as we did it in our
w xprevious work 14 . The result of the fit is shown in
.Fig. 3a .
The relative intensities of the members of the
rotational bands have been taken from Back et al.
w x21 and are given in Table 1. These values have
Fig. 2. Part of the proton spectrum measured in coincidence with
the fission fragments and compared to the result of Blons et al.
w x15 .
Ž .Fig. 3. a Part of the measured proton energy spectrum fitted with
24 rotational bands with a common rotational parameter. The
spectrum was divided into two parts at Es5150 keV for the
Ž .fitting; b Experimental fission-fragment angular-distribution co-
efficients as a function of excitation energy compared to the
Ž . Žcalculated ones using K s1 upper curve and K s3 lower
.curve for all of the bands. The K s0 curve is very close to the
K s1 one while the K s2 is in between the K s1 and K s3
ones. They are not shown.
235 Ž .been calculated by DWBA for U d,p . These rela-
tive intensities depend sensitively on the distribution
and width of the single particle states involved in the
Ž .d,p process at the given excitation energy. We
adopted these relative intensities as initial parameters
for the fitting procedure. The final values are shown
in Table 1.
The jump in the relative intensities going from
q y w xJs2 to 3 , as predicted by Back et al. 21 might
be a consequence of the alternating parities within
the rotational bands, although our fit was actually not
very sensitive to the relative intensity of the 2q state.
Increasing this intensity by a factor of two worsens
the x 2 by less than 8%.
After fixing the relative intensities of the band
members, we have used two specific parameters for
each band during the fitting procedure: the energy of
the band head and the absolute intensity of the band.
Ž 2 .A common rotational " r2u and inversion split-
Ž .ting DE parameter was adopted for each band.qy
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Table 1
233 Ž . . .Relative intensity ratios of the rotational-band members populated in the U d,pf reaction. The calculated values marked by a and b are
w xtaken from Ref. 20 for p s q and y, respectively. The underlined values represent the relative intensities for an alternating parity,
octupole rotational band. The adopted values were obtained from a fit of the 5.1 MeV region of the energy spectrum.
J 0 1 2 3 4 5 6 7 8
.a 0.04 0.04 0.11 0.50 0.85 0.69 0.60 0.50 0.23
.b 0.08 0.23 0.50 1.00 1.19 1.00 0.92 0.23 0.42
adopted 0.00 0.03 0.10 1.00 0.59 0.37 0.32 0.06 0.06
w xRef. 23 0.47 0.60 1.00 0.58 0.22 0.15 0.11 0.04 0.07
The result of the x 2 analysis as a function of "2r2u
and DE is shown in Fig. 4.qy
Although the statistics in the second part of the
spectrum is better, the density of the states is about
two times larger, making the determination of the
rotational parameter more uncertain. The rotational
parameter was therefore determined for both parts
separately and the weighed average was calculated.
As a result we obtained: "2r2us2.2"0.2 keV and
DE s0q10 keV.qy y15
The low-lying rotational bands have been investi-
233 Ž .gated in the U d,pf reaction at 13 MeV by
w xBjørnholm et al. 23 . They obtained intensity distri-
butions, which peak around Js2, distinctly lower
Ž .than those of Back et al. see Table 1 . Although
they investigated only quadrupole rotational bands
with the same parity for the members of the band,
and it is known that the intensities depend strongly
on parity, we did use also their relative intensities to
Fig. 4. The results of the x 2 analysis for the first and second parts
Ž .of the spectrum full and dashed lines, respectively as a function
Ž 2 . Ž .of the rotational " r2u and inversion splitting DE param-qy
eters, using the adopted relative intensities in Table 1.
fit our data as an alternative scenario. Using alterna-
tively at face value the relative intensities of
w xBjørnholm et al. 23 we obtained almost as a good
fit as above with: "2r2u s 1.5 " 0.5 keV and
DE s0"15 keV. The somewhat different valuesqy
obtained by assuming these two very different sets of
relative intensities indicates the sensitivity of the
rotational parameter for the assumed relative intensi-
ties. Although this dependence is of systematic na-
ture, we quote here as the final value of the rota-
tional parameter its weighed of the two analyses:
"
2r2u s 2.1 " 0.2 keV.
As an a posteriori test one may write the relative
intensities of the band members with different J asf
w x24 :
<² < : < 2R J s J , K , j,V J , K A j , 1Ž . Ž .Ž .f i i f f
with J sK s5r2 for 233U. The information oni i
reaction mechanics and nuclear structure is entirely
Ž .contained in the coefficients A j . If we assume K f
s 0, then Vs5r2. Assuming only three contribut-
ing j transfers: 5r2, 7r2 and 9r2 and using the
Ž .A j as free parameters we find that Bjørnholm’s
relative intensities are easily reproduced and the x 2
minimum is found again at "2r2u s 1.5 keV and
DE s0 keV.qy
Allowing also higher j transfers and both K s 0f
and 1, Back’s relative intensities can be fairly well
approximated. The x 2 minimum is indeed around
"
2r2u s 2.2 keV, but is very shallow, due to the
increased number of free parameters.
In both cases the obtained rotational parameters
agree with the value corresponding to the HD shape
w xand obtained in our previous work 14 . The DEqy
f0 value is consistent with the small inversion
w xparameters obtained by Blons el al. 15 for the Th
isotopes.
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Although we made the fit very carefully we are
aware of the fact that our analysis is not sensitive to
the parity of the states. In case of K/ 0 we can not
distinguish between quadrupole and octupole rota-
tional bands.
Assuming that we saw rotational bands built on
some excited states, we tried to vary also the K
value of the band head during the fitting procedure.
However, the result of the fit was found to be
insensitive to the K value when it was varied be-
tween 0 and 2, because the relative intensity of the
members of the band with a JF 2 is much less
Žcompared to the intensity of the Js3 line see
.Table 1 . In case of the quadrupole scenario we used
Ks1 for all of the bands.
Fission-fragment angular distributions were gen-
erated as a function of the excitation energy, normal-
Ž . w xized to the known d,f angular distribution 25 and
Ž .fitted with even Legendre polynomials LP up to
fourth order. The a angular distribution coefficient2
is shown in Fig. 3b as a function of the excitation
energy. In order to get information on the spins and
K values of the observed rotational bands, or to
check our assumptions made for fitting the energy
spectrum, the angular distribution coefficients of the
fission fragments have been calculated and compared
to the experimental ones.
In the Plane Wave Born Approximation the prob-
ability to detect a fission fragment at an angle u
w xrelative to the classical recoil axis is 22 :
s j 2 jq1Ž . 2
J J j Jf i fW u s CŽ . Ý ž /K M m Mf i fs 2 2 J q1Ž .fM , M , j ,mi f
=W Jf u , 2Ž . Ž .M Kf f
with
1 2J J< <W u s 2 Jq1 D uŽ . Ž . Ž .ŽM K M K4
< J < 2q D uqp ,Ž . .M K
for fission through a transition state with quantum
numbers J , M , K , spin J , M of the target nucleus,f f f i i
and the total angular momentum j and m of the
Ž .neutron transferred in the d,p reaction. The relative
population of the states through different j transfers
Ž Ž . . w xs j rs has been taken from Ref. 23 but the
angular distribution coefficients were actually not
sensitive to this choice. All quantum numbers refer
J Ž .to the recoil axis. Expressing W u in terms ofM K
w xLegendre polynomials 26 :
0,2,4, . . . ,2 J2 Jq1 KyMJ J JlW u s y CŽ . Ž . ÝM K yM M 02
l
=C J Jl P , 3Ž .yK K 0 l
one gets the following expression for the angular
distribution coefficients:
s j 2 jq1Ž .
A J , K sŽ . Ýl f f
s 2 2 J q1Ž .fM , M , j ,mi f
2 J q1 2f K yM J jJf f i f= y CŽ . ž /M m Mi f2
=C Jf Jf l C Jf Jf l . 4Ž .yM M 0 yK K 0f f f f
Ž ) .The a E shown in Fig. 3b has been calculated2
by using the parameters obtained from a fit of the
energy spectrum and by multiplying the amplitudes
of the different band members by the corresponding
Ž .A J , K values as well as by normalizing thel f f
whole distribution with the one calculated with the
Ž .A J , K values.0 f f
Since the spins J of the excited states are alreadyf
fixed by the energy spacings of the peaks as shown
in Fig. 3a in the next step only the K values of the
bands were varied between 0 and 3. The measured
angular distribution coefficients were compared to
the calculated values in Fig. 3b.
In case of assuming quadrupole rotational bands
with intensities peaking at Jp s 2q even the gross
structure of the measured angular distribution coeffi-
cients could not be explained. The calculated a2
coefficients were always too low compared to the
experimental ones. This can be understood since
a sy0.20 for Js2 and 0.03 for Js3 and is2
increasing with J. In order to explain the experimen-
tally measured a f 0.5 values we should assume an2
intensity distribution which peaks at higher J values
than 2, most probably at Js3 as assumed before.
The density of the Js3 states has been deter-
mined from our experimental data. The average dis-
tance of the two closest neighbors of a given state is
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shown in Fig. 5. The level spacing distribution is
w xclose to a Wigner distribution 27 but the mixing-in
of some Poisson type distribution is also visible. The
density of Js3 states has been calculated as a
function of the excitation energy using the back-
shifted Fermi-gas description with parameters deter-
w xmined by Rauscher et al. 28 . In order to estimate
the depth of the third well we compared the experi-
mentally obtained and calculated values. We as-
sumed that the same parametrization of the level
density formula is valid in the third well, as was
w xdetermined by Rauscher et al. 28 by fitting the level
densities in the first well of the potential barrier. This
assumption is based on the finding of Glassel et al.¨
w x q22 that the level density of the 2 states lying in
the second well of 240 Pu is the same as the level
density in the first well. The shell-correction energy
used to determine the level density parameter ‘‘a’’
w xhas been taken from the work of Moller et al. 29¨
while the spin cutoff-parameter s was determined
by using the rigid rotor rotational parameter sug-
w xgested by Rauscher et al. 28 . The result of the
comparison is shown in Fig. 5.
The calculated curve had to be shifted by 2.7
MeV to reproduce the experimental values. Accord-
ing to this comparison the ground state in the third
well is shifted up by 2.7 MeV, which also means that
Ž . Ž .the ‘‘microscopic correction’’ C N,Z in Eq. 14 of
Fig. 5. Average distances of the Js3 levels as function of the
excitation energy. The solid curves show calculated values by
Ž .different formulas see text for details , the circles correspond to
experimental values.
w xRef. 28 should be modified by this energy and the
level distances should be recalculated. Doing this in
a recursive way we find a value of 3.1 MeV for the
Ženergy of the ground state in the third well curves
.connected with an arrow ‘‘Rauscher 1’’ in Fig. 5 .
Taking into consideration the shell and nucleon
pairing correlation effects, Mughabghab and Dunford
w x30 calculated and fitted the spin cutoff parameter as
a function of the atomic mass and found large devia-
tions from the one obtained with the rigid rotor
rotational parameter.
In order to get some estimate for the precision of
the level distance analysis described above we re-
peated the calculation of level distances by using the
rotational parameter deduced in the present work
Ž 2 ." r2u s 2.1 keV, ‘‘Rauscher 2’’ curve in Fig. 5 .
We also used two other formulas to estimate the
level distances, which were parameterized by von
w xEgidy et al. 31 . They used a constant temperature
level density formula and the Bethe formula for the
back-shifted Fermi gas model. The theoretical curves
Ž .also shown in Fig. 5 are calculated with these two
formulas and parameters determined by von Egidy et
w x Ž )al. 31 by fitting the low-lying level scheme E F
. 2341.5 MeV of U. From the uncertainties of the
calculated and measured level distances the error of
the energy determination is estimated to be 0.4 MeV.
´ w xCwiok et al. 10 predicted two different HD
234 Ž .minima for U with very different b l s 3–7l
values. One of them has an octupole deformation
parameter of b f 0.4 and a minimum of E s3 III
3.5 MeV while the other is more reflection-asymmet-
ric and has an octupole deformation parameter of
b f 0.6 and a minimum of E s 2.7 MeV. The3 III
experimental value of E s 3.1 " 0.4 MeVIII
obtained in the present work is between the two
predicted values with an error bar, which overlaps
both theoretical values. At this moment we do not
have information on the b of this nucleus.3
In summary, we have measured the fission proba-
bility of 234 U as a function of excitation energy with
Ž .high energy resolution using the d,pf reaction. The
rotational parameter obtained from fitting the energy
spectrum around E) f 5 MeV is found to be
"
2r2us2.1"0.2 keV, which is characteristic for
the hyperdeformed nuclear shape. The level density
of the most strongly excited Js3 states has been
compared to the prediction of the back-shifted
( )A. Krasznahorkay et al.rPhysics Letters B 461 1999 15–21 21
Fermi-gas formula and the energy of the ground state
in the third minimum has been estimated to be EIII
s 3.1 " 0.4 MeV which agrees well with the
w xpredicted one 10 .
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